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Abstract 
 
1,2-Indanedione is the most sensitive amino acid reagent currently used for developing 
latent fingermarks on porous substrates (D’Elia et. al 2015). Indanedione has been 
termed a “dual” reagent meaning that the reaction product is both coloured and 
photoluminescent, which facilitates improved contrast compared to the background 
and increased sensitivity (Patton et al. 2010). 
 
Latent fingermarks are fragile traces of evidence that must be protected. In addition, 
other forms of physical evidence may be present on a document, such as DNA, writing 
inks, printing inks, and toners. Physical factors such as heat and diffusion, along with 
chemical factors such as the effects of solvents, can compromise the evidence that may 
be present (Lennard et al, 2011).  
 
One of the most problematic sample substrates that has emerged over the years is 
thermal, heat-sensitive paper, which is most commonly used for sales receipts, tickets 
and in fax machines.  
 
Solvent-less methods such as vacuum development and dry transfer methods have 
become an area of research interest due to the potential for traditional methods to be 
destructive to fingerprints themselves or other forensic evidence. Currently the 
traditional method is purely lab-based; whilst the exploration into solvent-less 
techniques follows the green chemistry trend it also aids laboratories that don’t have 
the potential to store and apply large amounts of solvents.  
 
Presently, the only paper that has been published on vacuum indanedione development 
is from Swofford et al. (2012). The advantages of using vacuum sublimation for 
indanedione treatment in particular includes no interference with foreign contaminants 
in the fingermarks (such as illicit drugs or explosives) or diffusion of ink on the 
document, and it does not interfere with any traces of DNA that may be present. 
Indanedione was also found to be the only chemical out of the seven that were tested 
not to interfere with forensic document examination (Swofford et al., 2012). 
 
An alternative application method that is solvent-free is referred to as “dry-transfer” 
(Patton et al. 2010). Patton et al. (2010) successfully developed coloured, 
photoluminescent fingermarks on thermal paper using the dry transfer method for 
indanedione. However, there seems to be no studies conducted on aged samples, as 
well as the inconsistencies between dry transfer methods for thermal paper and 
whether heat should be applied or not. 
Results were generated presented from a comparison of the three application methods 
– conventional, vacuum and dry-transfer – across a range of paper substrates and for 
aged fingermarks from several donors. Several proof-of-concept experiments were 
also conducted using vacuum indanedione treatment on a number of semi-porous and 
non-porous surfaces.  
The results overall concluded that the conventional method outperformed, both in 
terms of colouration and luminescence, the vacuum indanedione method and the dry-
transfer method; however, fingermarks of the same quality were produced in some 
	 viii	
cases. The vacuum oven method on non-porous surfaces produced some encouraging 
results and certainly shows promise for future work. The additional proof-of-concept 
work involving co-fuming indanedione and cyanoacrylate was also successful. 
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Forensic science is the application of a scientific process and technical methods in the 
study of traces that are associated with criminal activity or a litigious civil, regulatory 
or administrative matter (Margot, 2015). Forensic comparison evidence is the 
comparative analysis of two items to establish a possible connection or association 
between the two items. This could include fingermarks, footwear impressions, tool 
mark impressions and bite mark impressions.  
 
When an item is recovered from the crime scene (questioned) and another item 
recovered from a suspect (known), the association found has the ability to link the 
suspect to the scene (Saferstein, 2011). This connection can be drawn from Locard’s 
Exchange Principle, which essentially states that “every contact leaves a trace”; when 
applied to a forensic setting, it can be implied that the offender will bring something 
into the crime scene and leave with something from the crime scene (Saferstein, 
2011).  The evidential value of comparison evidence is based on two factors, class 
characteristics and individualising factors, that are used for discrimination purposes in 
a comparison situation (Saferstein, 2011). These two factors arise from Kirk’s concept 
of individuality, which states that “every object of our Universe is unique” (Crispino 
et al., 2011).  Both Locard’s Exchange Principle and Kirk’s concept of individuality 
can be applied to fingermarks as evidence, particularly when comparisons between 
known and questioned fingermarks are made.  
 
1.1 Fingermarks in Criminal Investigations  
 
Fingermarks have been used for over 100 years to assist in criminal investigations 
(Saferstein, 2011). The average fingermark has as many as 150 individual ridge 
characteristics; however, it is unlikely that fingermarks recovered from crime scenes 
will have such a high amount of ridge detail. It is common for only partial marks to be 
recovered, resulting in a small number of ridge characteristics available for 
comparison (Saferstein, 2011). 
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Fingermark comparisons use three levels of information (Saferstein, 2011):  
Level 1 – includes the general ridge flow and pattern configuration, core and delta 
location, which is deemed insufficient information for individualisation but can be 
used for exclusion purposes. 
Level 2 – enables individualisation with ridge formations, defined ridge endings, 
bifurcations and dots being visible.   
Level 3 – further enables individualisation with dimensional attributes of ridges 
such as path deviation, width, shape, pores, edge contours, breaks, creases, scars 
and other permanent details.   
One argument made by Saks and Koehier (2008) is that it is not possible to prove 
with 100% certainty the individuality of fingermarks. This leaves fingermark 
examiners with a rather high probability in terms of stating that two fingermarks 
originated from the same source (Saks and Koehler, 2008). This, of course, is 
dependent on the fingermarks having sufficient detail and clarity. 
Studies have also been completed on identical twins who share the same genetic DNA 
yet have different fingermarks, this suggests that if the case arose in which two people 
shared the same fingermark, this would be the most likely situation for it to occur 
(Wertheim, 2002). Kücken and Champod (2013) mathematically modelled 
fingermark ridge formation, conducting simulations as pairs with the same parameters 
analogous to identical twins.  The results indicated that the ridge direction and overall 
patterns were largely similar but the exact location of minutiae differed. This 
indicated that fingermarks are formed during a stochastic process. 
Fingermarks remain one of the best forms of personal identification within criminal 
investigations as they are unique, immutable, universal, and classifiable, and exist as 
marks left on object handled with bare hands. Their importance has led to ongoing 
advances in technology to improve their detection (Lennard et al., 2011; Wallace-
Kunkel et al., 2007).  
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1.2 The History of Fingermarks  
 
Although friction ridge skin had been studied for a number of years, it was not until 
1788 when the uniqueness of this skin was recognized in Europe. J.C.A. Mayer (as 
cited in Cummins & Midlo, 1943) stated that “although the arrangement of skin 
ridges is never duplicated in two persons, nevertheless the similarities are closer 
among some individuals. In others the differences are marked, yet in spite of their 
peculiarities of arrangement all have certain likeness.”   
 
Fingermarks were in use as early as 1858 with Sir William Herschel requiring 
handprints along with signatures on civil contracts in India, although this was not 
used as a means of identification. Herschel recognised the possibilities for the use of 
friction ridge skin for identification, especially with regard to fighting and preventing 
fraud (Herschel, 1916). In 1877, Herschel started recording fingermarks as a form of 
identification on a widespread basis, for criminal courts, prisons, registration of deeds 
and payment of government pensions. Herschel suggested further uses of fingermarks 
and explained the permanence and uniqueness of the friction ridges (Herschel, 1916). 
The anthropologist Herman Welcker, was the first to study the permanence of 
fingermarks, by printing his right hand in 1856 and 1897 (Wilder & Wentworth, 
1918).   
 
Henry Faulds stated that fingermarks are unique and classifiable whilst alluding to 
their permanence. This led to his proposal of using friction ridge impressions as a 
means of evidence at crime scenes (Faulds, 1880). Faulds used examples such as a 
greasy mark on a drinking glass (Faulds, 1880).  
 
During 1882, Alphonse Bertillon was using an anthropological measurement method 
to identify individuals. The uniqueness of fingermarks was not widely known until the 
publication of Sir Francis Galton’s first book on fingermarks where the characteristics 
of fingermarks (patterns and minutiae) were described (Galton, 1892). Sir Edward 
Richard Henry collaborated with Galton on a classification method for fingermarks 
with the help of Indian Police Officers. It was the Indian government who then 
conducted a comparative review of anthropometry (the science of studying body 
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measurements) and fingermarks as a means of identification. It was concluded that 
fingermarks were superior to anthropometrics as a form of identification and the 
recommendation was made to adopt the Henry Classification System for prisoners 
(Henry, 1934). One historical case that resulted in a revision of identification systems 
was the William West and Will West Case where Bertillon measurements and 
photographs were taken to identify Will West who had the same measurements and a 
striking resemblance to another inmate William West. Fingermarks were the only way 
to distinguish the two men from each other.  
 
At this point, prisons in particular started to use fingermarks for the identification of 
inmates; soon after, in 1905, the US Military adopted the same method followed by 
the police. In 1908, the first official fingermark card was developed to record 
fingermarks, which led to the acceptance of fingermarks in US courts, with palm print 
identification following not long after during 1917. All of these important milestones 
in identification led to the formation of the ID division of the FBI in 1924 and, in 
1980, the first computer database of fingermarks known as the Automated 
Fingermark Identification System (Cole, 2004).  
 
Dr Edmond Locard published an article explaining the theory of poroscopy within 
fingermarks and how these pores could be used to supplement a fingermark 
comparison (Locard, 1914). Wilder and Wentworth published scientific research 
supporting this third level detail as being permanent and unique (Wilder & 
Wentworth, 1918). 
 
Significant cases where fingermarks were used as evidence include the Rojas murder 
during 1892 in Argentina, which was the first murder case solved using fingermark 
evidence as a method of individualisation. (New Scotland Yard, 1990; Beavan, 2001). 
Whilst a criminal case in Bengal, India, in 1898 is considered to be the first case in 
which fingermark evidence was used to secure a conviction (Sodhi & Kaur, 2003). 
 
During 1902, Alphonse Bertillon made an individualisation in Paris resulting in a 
conviction. Whilst fingermarks as evidence in the courts of England begun with a 
burglary in 1902, the first murder conviction where fingermarks were used as 
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evidence was during 1905. Testimony was given by Inspector Charles S. Collins, who 
explained to the jury the classification of fingermarks and how individualisation can 
be achieved (Lambourne 1984; Barnes, 2012).   
 
1.3 Types of Fingermarks 
 
There are three types of fingermark evidence that can be found at crime scenes: (i) 
patent, (ii) latent, and (iii) plastic impressions (Lee & Gaensslen, 2001).  
 
A fingermark visible to the unaided eye is known as a patent mark; the only method 
of preservation required is imaging. A few examples of patent marks include marks 
left in blood, paint, ink or an oily impression left on a window. Given that 
photography is the preservation method for this type of mark, lighting is important, 
with a flashlight or forensic light source often employed (Yamashita et al., 2012).  
 
Detection methods are required as, the majority of the time, the fingermarks are latent 
(not visible) (Patton et al., 2010). Latent marks require visualization to facilitate the 
detection and recording of such evidence. Some detection methods involve the use of 
chemical reagents that react with the fingermark residue, which may contain foreign 
compounds and secretions from skin glands (Fritz et al., 2013). 
 
When a substrate is malleable enough during the time of contact to retain a 3-D 
fingermark, it is known as a plastic impression. Such substrates include wax, tacky 
paint, window putty and melted plastic (Yamashita et al., 2012).  Again, photography 
is used as a method of preservation where oblique lighting, in particular, is used to 
enhance ridge contrast. Casting materials such as silicone can also be employed to 
preserved plastic impressions (Yamashita et al., 2012).  
 
1.4 Composition and Development of Latent Marks 
 
Three main glands are responsible for the production of sweat within the human body: 
the eccrine, apocrine and sebaceous glands (Yamashita et al., 2012). The eccrine 
Chapter 1: Introduction      
      
 
 7 
glands are the only glands found on the palms and fingers; they secrete the amino 
acids found in latent fingermarks (Fritz et al., 2013). However, all three glands 
contribute to the composition of latent fingermarks whether they are secreted from the 
pores on the fingers or transferred from other areas through touch (Yamashita et al., 
2012). 
 
Most deposition conditions involve a fingermark being produced after sweat from the 
fingers come into contact with a surface. The eccrine sweat on the fingers consists 
mainly of water at the time of secretion (Pounds & Jones, 1983).  However after 
deposition it is theorised that the water content of the fingermark is likely to be 20% 
at most (Kent, 2016). Once the water within the sweat evaporates from the surface, 
the salts and amino acids are retained as solid residues (Knowles, 1978). At least 14 
amino acids may be found in fingermark residues (Hier et al., 1946; Knowles, 1978). 
 
The aqueous deposits produced by eccrine glands contain small amounts of amino 
acids, averaging about 250 ng per fingermark (Hansen & Joullie, 2005). Although 
uncontrollable variables such as the contact time and surface type impact on the 
amount of amino acids transferred (Everse & Menzel, 1986). However,  amino acids 
are always present in perspiration in some amount (Speaks, 1970). These amino acids 
are targets for the development/enhancement of fingermarks; they react with amino 
acid reagents to give a coloured or luminescent reaction product (Fritz et al., 2013). 
Nonspecific amino acid reagents such as ninhydrin are commonly employed on 
porous substrates (Almog, 2001; Champod et al., 2016).  
 
1.5 Surface Types 
 
Surface types fall into three general categories: (i) porous, (ii) semi-porous and (iii) 
non-porous. Identifying the correct substrate is crucial in recognising which technique 
or sequence of techniques is appropriate for processing the fingermark. Substrates 
such as paper, cardboard, wood, gyprock and other materials made of cellulose are 
classified as porous (Almog, 2001). It is believed that when a fingermark comes into 
contact with a substrate such as paper the amino acids bind to the cellulose and 
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remain stable and stationary, allowing the preservation of either visible or latent 
fingermarks (Champod et al., 2016). Therefore, amino acid reagents are typically 
employed to develop fingermarks on porous substrates (Almog, 2001) unless the 
substrate has been wet and the amino acids removed. In the case of a wet substrate, a 
physical developer reagent is employed. Physical developer reacts with the non-
water-soluble portions of the fingermark deposit, that are not lost if the substrate has 
been wet unlike water soluble materials, creating a metallic silver deposition along the 
fingermark ridges (Champod et al., 2016). 
 
Substrates that are known to repel moisture do not absorb fingermarks and are 
branded non-porous. These substrates frequently appear polished or shiny, such as 
glass, metal and painted woods. Latent fingermarks found on these substrates are 
more vulnerable to damage as the deposit remains on the surface. Other chemical 
enhancement techniques such as cyanoacrylate fuming, dye stains and vacuum metal 
deposition are used for the visualisation of fingermarks (Yamashita et al., 2012). 
 
Intermediate substrates are categorized as semi-porous. The viscosity of the 
fingermark deposit combined with the absorbent qualities of the substrate will 
determine if the fingermark residue is or is not absorbed into the substrate. Glossy 
cardboard and magazine paper, some finished woods and cellophanes are 
acknowledged as being semi-porous (Yamashita et al., 2012). 
 
1.6 Ninhydrin and DFO 
 
Ninhydrin was first developed by Ruhemann by coincidence during 1910. The 
reaction between ninhydrin and skin/amino acids produces a purple reaction product. 
Initially used to detect protein and amine products in biological samples (Ruhemann, 
1910a; Ruhemann, 1910b), ninhydrin was then applied to latent fingermark 
development (Odén & Von Hofsten, 1954). Using ninhydrin to develop latent 
fingermarks is now one of the most popular techniques for porous substrates. From 
ninhydrin, several analogues were developed including 1,8-diazafluoren-9-one (DFO) 
and 1,2-indanedione (Ramotowski et al., 1997). 
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DFO was initially prepared in 1950 (Druey & Schmidt, 1950); however, the reaction 
between DFO and amino acids was not investigated until 1990. DFO treatment of 
latent fingermarks results in faint red/pink fingermarks that are also fluorescent at 
room temperature (Grigg et al., 1990; Pounds et al., 1990). DFO was soon identified 
as one of the best fluorescing fingermark reagents (Almog, 2001). 
 
1.7 1,2-Indanedione-Zinc 
 
1,2-Indanedione-zinc is the most sensitive amino acid reagent currently used for 
developing fingermarks on porous substrates (D’Elia et al., 2015). Indanedione-zinc 
has been termed a “dual” reagent, meaning that the reaction product is both coloured 
and photoluminescent, which facilitates enhanced contrast with the background and 
improved sensitivity compared to other techniques (Patton et al., 2010).  
 
1,2-Indanedione was originally contemplated after 6-methyl-thio-1,2-indanedione, a 
related compound, was found to produce fluorescent fingermarks (Hauze et al, 1998).  
Petrovskaia and co-workers (2001) confirmed that 1,2-indanedione reacts with amino 
acids in the same fashion as ninhydrin. When used, a faint pink-coloured product is 
formed, similar to that for DFO, which fluoresces strongly at room temperature 
(Ramotowski et al., 1997). 
 
 
 
 
As 1,2-indanedione became known and researchers around the world began to 
investigate this new reagent, the results were compared with those from ninhydrin and 
DFO. No general consensus could be reached in terms of formulations and 
development conditions (Stoilovic et al., 2007; Marriott et al., 2014). Early studies 
Figure 1.1. Chemical structure of 1,2-
indanedione (Yamashita et al., 2012). 
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used methanolic solutions that were found to form hemiketals that interfere in the 
reaction with amino acids; therefore, current recommendations limit the amount of 
alcohol in solutions (Wilkinson, 2000; Petrovskaia et al., 2001; Wiesner et al., 2001). 
Methanolic solutions were also believed to smudge developed fingermarks (Roux et 
al., 2000).  
 
Different carrier solvents have been investigated to assess their effect on the 
development of latent fingermarks. The results indicated that HFE 7100 and HFC 
4310mee provided more intense luminescence than petroleum ether and CFC 113 
(Roux et al., 2000). Wallace-Kunkel et al. (2007) conducted a similar study to replace 
petroleum ether as the carrier solvent. The results aligned with the observations made 
by Roux et al. (2000) that HFE 7100 was superior to the other solvents tested, in 
addition to lower health and safety risks.  
 
The necessity for acetic acid in the 1,2-indanedione formulation has also been 
debated. Originally it was assumed that an acidic environment was necessary for the 
ninhydrin reaction (Friedman, 1966; Lamothe & McCormick, 1972). The influence of 
pH was investigated by Wiesner et al. (2001); their formulation containing no acetic 
acid was reported to produce superior results. Despite these results, acetic acid is still 
considered by most research groups as being an important component of the 
formulation dependent on the pH of the paper (Jelly et al., 2009).  
In comparison to DFO, 1,2-indanedione treated fingermarks do not require heat as 
they can also develop at room temperature over 24-48 hours (Roux et al., 2000). 
However, the reaction process can be accelerated using heat and the use of a laundry 
press has proven to provide the best luminescence intensity (Roux et al., 2000; 
Wallace-Kunkel et al., 2007).  
Early investigations found that fingermarks developed with 1,2-indanedione alone 
lost colour and luminescence within a few days compared to fingermarks that were 
developed with 1,2-indanedione-zinc where longevity was increased, with colour and 
luminescence lasting weeks or months (Jelly et al., 2009). 
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Ramotowski et al. (1997) discovered that, to produce luminescence which exceeded 
that of DFO, the addition of a zinc metal salt to 1,2-indanedione was necessary. 
Through additional research, it was noticed that the addition of zinc chloride 
increased the observed luminescence (Hauze et al., 1998).  
Stoilovic et al. (2007) proposed a working solution where a small amount of zinc 
chloride was added to the indanedione solution. This new solution was compared to 
the traditional indanedione formulation and the results showed that the solution 
containing the zinc chloride provided enhanced colour and luminescence. This was 
also compared to a stepwise method where the initial treatment was indanedione 
followed by a separate zinc chloride treatment; however, twice the heating time was 
required and the same level of enhancement was achieved as for the one-step method. 
Indanedione-zinc was found to significantly outperform the development achieved 
with DFO. This was reproduced in work by Marriott et al. (2014) where indanedione-
zinc treatment was found to develop more fingermarks than DFO.  
1.8 Conventional Indanedione-Zinc Treatment 
 
Currently, the typical indanedione-zinc method for normal paper is to dip substrates 
directly into a solution of the reagent. The sample is then allowed to air dry. Heat is 
then required to develop the marks, with a common method being the use of a dry 
heat press at 155–160°C for 10 seconds (Stoilovic & Lennard, 2012). 
 
Developed marks have a pinkish coloration and are highly luminescent at room 
temperature. Visualisation and recording are performed in the luminescence mode 
using excitation from a forensic light source (e.g., Polilight PL500 at 530 nm) and 
with a suitable barrier filter (e.g., 590 nm band-pass interference filter) (Stoilovic & 
Lennard, 2012). 
 
A typical procedure involves treating the sample substrate with the current 
indanedione method then sequentially treating it with ninhydrin, allowing all of the 
available amino acids in the latent mark to be consumed by both reagents. This 
method results in a larger accumulated consumption of available amino acids 
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compared to single treatment methods (Mangle et al., 2015). However, evidence 
suggests that results produced from indanedione-zinc are rarely improved by this 
subsequent treatment (Marriott et al., 2014). 
 
A study by Porpiglia and co-workers (2012) compared a number of subsequent 
treatments including indanedione-zinc then ninhydrin and DFO then ninhydrin. Even 
though they found indanedione to be the most successful single treatment, they also 
found that the treatment of DFO with subsequent ninhydrin processing was more 
effective than indanedione-zinc followed by ninhydrin. In other studies, indanedione 
was reported to develop more fingermarks than DFO, ninhydrin or the DFO–
ninhydrin sequence combined (Wiesner et al., 2001; Marriott et al., 2014). 
 
Due to society relying heavily on paper (a porous material) for materials such as 
official documents, currency printing (other than polymer banknotes), packaging, 
financial use, commercial use and retail use, considerable importance has been placed 
on the use of chemical techniques for latent fingermark detection on porous substrates 
(Lee & Joullié, 2015b). 
 
One of the most problematic substrates that has emerged over the years is thermal, 
heat-sensitive paper, which is most commonly used for sales receipts, tickets and in 
fax machines. Thermal paper documents often carry important investigative leads 
such as transaction dates and times, but also latent fingermarks as physical evidence 
(Chen et al., 2016).  
 
Thermal paper is fine paper that consists of layers and is coated with leuco-dye that 
changes colour when exposed to heat. These papers are used in thermal printers and 
contact with heat creates a dark colouration. These layers become more of an issue 
when it comes to using amino acid sensitive reagents such as indanedione or 
ninhydrin due to the polar nature of the solvents used in these formulations. Highly 
polar solvents can produce an irreversible adverse reaction with the active layer of the 
paper, obscuring any printed text or developed fingermarks. This discolouration has 
been reported to be prevented by avoiding direct contact with solvents, in particular 
polar solvents; however, the use of polar solvents in the indanedione formulation 
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cannot be avoided as indanedione is insoluble in nonpolar solvents (Chen et al., 
2016). In addition to this, the heating step often required for development results in 
severe blackening and discolouration of thermal paper samples (Patton et al., 2010).  
  
Whilst the indanedione-zinc method is currently the most successful amino acid 
reagent on porous surfaces, there are some disadvantages associated with this method. 
The recommendation is that no more than 10 samples are to be processed in the same 
tray load of indanedione solution, and any the remaining solution in the tray must be 
discarded (Stoilovic & Lennard, 2012). This results in a large amount of solution 
being used and the waste discarded, going against the “green chemistry” trend (Chen 
et al., 2015). The current method also requires one sample at a time to be placed into 
the solution, which can become extremely time consuming.  
 
Methods such as this that require direct contact with the sample could potentially be 
destructive to the fingermarks themselves or other forensic evidence such as explosive 
residues (King et al., 2013), illicit drugs, DNA and writing inks (Swofford et al., 
2012).  In the case of thermal paper, damaging substrate discolorations can result. The 
potential for other forensic evidence to be lost due to direct contact has led to the 
development of specific processing sequences from least destructive methods 
(optical) to more destructive methods (one or more reagents), which can become time 
consuming (Swofford et al., 2012). The requirement for large quantities of solvent 
and the need for a fume cupboard as well as drying and heating facilities, also means 
that this is a non-portable, purely lab-based method. For these reasons, solvent-free 
techniques such as vacuum development methods (although still lab-based) and dry 
transfer methods have become an area of interest (Patton et al., 2010; Swofford et al., 
2012). 
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1.9 Alternative Application Methods for Amino Acid Reagents  
 
1.9.1 Vacuum Indanedione Development 
 
A prototype vacuum development system was proposed by Swofford et al. (2012) that 
aims to “facilitate common and routinely used processing techniques while 
eliminating the need for hazardous and destructive chemical solvents”. Swofford et al. 
(2012) stated that “this type of single-unit, non-destructive, solvent-free, multi-
method processing system could be a significant technological advancement in latent 
print processing” as it was designed to use a range of 7 different processing 
techniques, including indanedione.  
 
The system operates by placing the substrate within the vacuum chamber, loading the 
chemical (solid pellet form) into one or two of the heated crucibles and allowing for 
single or multi-component vaporisation. Once the chemical is loaded, the vacuum 
chamber is evacuated causing a reduction in pressure, which facilitates the removal of 
moisture from the surface of the items. After evacuation of the chamber, the heater 
turns on, increasing the temperature of the crucibles resulting in evaporation or 
sublimation of the chemical; a carrier gas valve is also opened. The carrier gas enters 
the second stage mixer carrying the vaporised chemical, where the vapour is further 
mixed and diluted with carrier gas before being discharged into the vacuum chamber. 
Upon entering the vacuum chamber, the gases rapidly expand and cool, allowing even 
dispersion and contact with all of the exposed surfaces (Swofford et al., 2012). 
 
This prototype vacuum development system was found to produce results that were at 
least equal to those of traditional methods; no significant statistical difference was 
found with respect to fingermark detection efficiency. Vacuum indanedione treatment 
was found not to interfere with subsequent drug chemistry examinations or DNA 
profiling. Indanedione was also found to be the only chemical out of the seven that 
were tested to not interfere with forensic document examination. The advantages of 
using vacuum sublimation for indanedione treatment include no interference with 
foreign contaminants in the fingermarks (such as illicit drugs or explosives) or 
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diffusion of ink on the document, and it does not interfere with any traces of DNA 
that may be present (Swofford et al., 2012). 
 
The Swofford et al. (2012) article is the only accessible published reference that has 
used indanedione as a chemical for vacuum sublimation. A large range of substrates 
were tested, including the problematic thermal paper. The vacuum method, however, 
still needs validating outside of the United States and Canada due to the differences in 
paper compositions around the world. It also appears that the prototype vacuum 
development system used by Swofford et al. (2012) employs a complex development 
process. The system included a carrier gas and mixing compartments, prior to the 
vapour being directed into the development chamber. Details such as the identity of 
the carrier gas was not disclosed in the paper, making it difficult to reproduce the 
published method. 
 
As the only article that has been published on vacuum indanedione development is 
that from Swofford et al. (2012), this leaves a large gap in the literature. There is a 
need for further research to be conducted to validate this approach. The published 
method makes no mention of how long the samples actually took to develop or 
whether heat was applied to the samples after the vacuum treatment. These important 
details are relevant as the heat component would communicate to the reader if this 
method would be appropriate for thermal paper or not, and the development time 
would allow for replicated studies to be compared in terms of sample turnaround.  
 
Two similar techniques to the vacuum development system used by Swofford et al. 
(2012) are the systems reported by Chen et al. (2015) and Schwarz and Frerichs 
(2002); however, both of these studies used ninhydrin as the reagent, which is also a 
common method for latent fingermark development on porous surfaces as indicated 
earlier. 
 
Schwarz and Frerichs (2002) used a vacuum chamber that had a controlled heating 
source in the bottom of the chamber on which the ninhydrin was placed. Once a 
vacuum was achieved, the heating source was then turned on, allowing sublimation to 
occur. Fingermark samples on paper were aged for up to 20 days at room temperature 
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prior to vacuum ninhydrin treatment. In a bid to accelerate development, samples 
were heated after ninhydrin treatment. The optimal conditions per cycle were found to 
be 50 mg ninhydrin and heating at 150°C for 30 min. This study was able to reveal 
fingermarks without the discolouration of the heat-sensitive side of thermal paper, and 
it was possible to have more than one sample in the chamber at one time (Schwarz & 
Frerichs, 2002).  
 
Chen et al. (2015) developed a different vacuum development system through 
ongoing interaction with fingermark experts and the system manufacturer. 
Fingermark donors were asked to jog for 10 min prior to donation to stimulate their 
eccrine secretions. Deposited fingermark samples were stored for 1 month at room 
temperature prior to development. The method involved placing a portion of 
ninhydrin in a crucible inside the vaporization source; once vacuum was achieved, the 
8-stage heating process was initiated. After the temperature was reached, the samples 
were kept inside the vacuum chamber for 20 min before photographs were taken. This 
study found that the optimal conditions for development per cycle were 500 mg of 
ninhydrin at 50 mTorr, allowing treatment in less than an hour. An interesting 
experiment conducted during this study involved folding the sample in half to 
evaluate the effect of vapour flow onto the sample; it was this that led to the 
observation of uneven thermal distribution, resulting in condensation of ninhydrin in 
the cooler areas of the chamber (Chen et al., 2015). 
 
There are variations in terms of the types of fingermarks collected and developed (i.e., 
sebaceous-rich, eccrine-rich, or natural) across the published vacuum development 
methods. Schwarz and Frerichs (2002) did not mention how their fingermark samples 
were collected and there are no specific details on the vacuum development system 
used.  
 
1.9.2 Dry-Transfer Indanedione Method 
 
Another application method that is solvent-free is referred to as “dry transfer”. There 
have been several papers published on this method such as that by Bratton and Juhala 
(1995) where they examined the results of DFO in the dry transfer method and the 
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method coined ‘Nin-dry’ using ninhydrin as the developing chemical (Ludas, 1992). 
Researchers have suggested that a dry reagent method can be useful for samples that 
are fragile and have the potential to be damaged by traditional development 
techniques (Patton et al., 2010).    
 
Ludas (1992) used a ninhydrin solution of 35 g ninhydrin in 500 mL of ethanol to 
soak the filter paper; a sample was then placed between the ninhydrin impregnated 
filter paper and covered with a towel prior to steam ironing for several minutes. 
 
Bratton and Juhala (1995) used a towel to protect the sample paper and the DFO 
impregnated paper whilst they were placed in a steam oven for 1 minute at 170°C 
followed by being placed in a mounting press that was heated to 110°C for 10 
minutes. Benefits that arose from using the dry contact method were that there was no 
running of the ink present on the sample, the samples remained the same colour as 
before processing, and in the luminescence mode only the fingermark fluoresced with 
no background fluorescence. Another interesting benefit that was found involved the 
developed fingermarks not being visible under white light after development, leaving 
no visible signs of processing for covert options (Bratton & Juhala, 1995). 
 
The results of the DFO dry contact method presented by Bratton and Juhala (1995) 
were of the same quality as traditional DFO development in the luminescence mode; 
however, there were multiple advantages to the dry contact method.  
 
Currently, most of the dry transfer methods focus on the development of fingermarks 
found on thermal paper. Patton et al. (2010) successfully developed coloured, 
photoluminescent fingermarks on thermal paper using the dry transfer method for 
indanedione. This was done by placing the sample paper between two pieces of dry 
indanedione-impregnated paper, sealing them in a plastic zip-lock bag and leaving the 
samples in the dark, unweighted, for a specific period of time. The sample substrates 
were removed for photography in the absorbance and luminescence modes at 24 h 
intervals for up to 96 h. In comparison to the traditional indanedione method, the 
thermal paper samples treated by the dry contact method developed slowly but 
without any blackening of the background substrate and with comparable fingermark 
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results. Compared to ‘Nin-dry’, it appears that the indanedione dry contact method 
creates, in a shorter time frame, a darker coloured print that is also luminescent 
(Patton et al., 2010). The results indicated that the indanedione dry contact method is 
a simple, reliable and non-destructive method for latent fingermark development on 
thermal paper (Patton et al., 2010). 
 
A similar study was conducted by Chen et al. (2016) who found that the blackening of 
the substrate not only affects the information printed on the thermal paper but also 
impedes the subsequent comparison of latent fingermarks. Similar to Patton et al. 
(2010), the treated prints were placed in a dark area for at least 48 h and the 
development of the fingermarks themselves was performed at room temperature with 
no additional heating (Chen et al., 2016). 
 
Goel (2015) used a method that required heat to develop the treated marks. Again, 
two pieces of paper were impregnated with indanedione working solution and allowed 
to air dry for 20–30 sec. The thermal paper sample was then placed in between these 
two pieces of paper and then all 3 were placed inside a cardboard folder. The folder 
was placed onto a hot plate at 100°C and pressed for 15–20 seconds. This heating step 
allowed for the ridge detail of the fingermarks to become visible, with the 
impregnated filter paper protecting the fingermark from scorching and turning black; 
although this still resulted in the discolouration of the sample paper (Goel, 2015). 
 
There seems to be no studies conducted on aged samples using the proposed solvent-
less methods, as well as inconsistencies between dry transfer methods for thermal 
paper and whether heat should be applied for development or not. Further research 
needs to be conducted with both heated and unheated methods and the use of aged 
fingermark samples to address some of the gaps and inconsistencies in the literature.  
Alternate development techniques such as dry-transfer and vacuum development are 
highly applicable to laboratories that do not have the capacity to carry large amounts 
of solvents and equipment; for example, when forensic practitioners are required to 
travel internationally with equipment or at locations where the use of chemicals is 
restricted (e.g., on naval ships) (Patton et al., 2010). Both the vacuum development 
and dry transfer methods have the potential to work well with problematic substrates 
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such as thermal paper and polymer banknotes. The vacuum development method 
could theoretically be applied to non-porous surfaces.  
 
1.10 Other Vacuum Development Methods 
 
1.10.1 Vacuum Metal Deposition 
 
Vacuum metal deposition does not rely on a chemical interaction with fingermark 
secretions to develop a latent fingermark (Champod et al., 2016). This method was 
discovered in 1964, with the observation that a silver coating deposited under vacuum 
could develop latent fingermarks on glass. However, it wasn’t until nearly a decade 
later that this method was employed as a viable fingermark development technique 
(Williams et al., 2015). The method involves placing the substrate inside the vacuum 
chamber and achieving a vacuum of less than 3 x 10-4 mbar. A metal source within 
the chamber is then heated to evaporate the metal, with this vaporised metal 
subsequently depositing on the surface of any samples within the chamber. The 
development of fingermarks occurs due to differences in how the metal deposits on a 
surface when latent fingermark residues are present. The most common metals used 
for latent fingermark detection are gold and zinc, with gold applied first, followed by 
zinc (Davis et al., 2016). The technique is most effective for fingermark detection on 
non-porous and some semi-porous surfaces. 
 
1.10.2 Vacuum Cyanoacrylate Fuming 
 
Cyanoacrylate esters are colourless, monomeric liquids sold commercially as rapid, 
high-strength glues (e.g., Superglue). Cyanoacrylate liquid creates a vapour that reacts 
with certain eccrine and sebaceous components in latent fingermarks. This vapour 
then selectively polymerises on the fingermark ridges to form a hard, white polymer 
known as polycyanoacrylate (Champod et al., 2016). The technique is effective for 
fingermark detection on non-porous and some semi-porous surfaces. 
 
The conventional atmospheric-pressure/humidity cyanoacrylate process requires 
heating cyanoacrylate up to 120–200°C in a chamber at 80% relative humidity. This 
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technique results in the deposit of polycyanoacrylate in long and fibrous strands 
causing light to scatter, allowing easy visualization (Farrugia et al., 2015). Relative 
humidity has been known to have a large influence on the development of the 
fingermarks using this method; levels below 75% result in underdevelopment and 
levels above 80% increase background development therefore reducing the definition 
of the developed fingermarks (Farrugia et al., 2015). 
 
A vacuum cyanoacrylate fuming technique was first established by Watkin for the  
National Research Council of Canada (Watkin & Misner, 1990). Development is 
achieved by placing substrates in a large metal chamber, together with a small amount 
of liquid cyanoacrylate glue. The pressure of the chamber is then reduced to 
approximately 200 mtorr using a rotary pump. At this vacuum pressure the 
evaporation of the cyanoacrylate is accelerated, reducing the development time 
significantly. The chamber and contents remain under reduced pressure for 20 min 
before returning to atmospheric pressure and examining for fingermark development. 
This method has claimed to produce a more uniform development than the traditional 
cyanoacrylate procedure, along with showing sharper ridge and pore detail (LeRoy, 
1993; Bentsen et al., 1996).  
 
Vacuum cyanoacrylate addresses certain disadvantages seen with the atmospheric-
pressure/humidity  cyanoacrylate method; there is no overdevelopment and it is 
possible to develop fingermarks on areas that are not directly exposed to the 
cyanoacrylate fumes within the vacuum chamber (e.g., inside a closed zip-lock bag) 
(Watkin et al., 1994). After the discovery of these benefits, comparison trials were 
conducted by Watkin et al (1994) whereby experts were asked to rate the 
enhancement based on print clarity and background interference in a blind study; they 
concluded that vacuum cyanoacrylate was superior. 
 
Klasey and Barnum (2000) conducted a comparison study between vacuum 
cyanoacrylate and atmospheric-pressure/humidity cyanoacrylate fuming for 
developing latent fingermarks on firearms. The results demonstrated that fingermarks 
developed from the vacuum process were not as ‘white’, although vacuum 
cyanoacrylate provided superior development on blue steel surfaces in particular.  
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Another comparative study was performed by Bessman et al. (2005) using three 
different fuming chambers: atmospheric-pressure/humidity, vacuum and a normal 
fuming chamber without humidity control. The results demonstrated that the 
atmospheric-pressure/humidity and vacuum cabinets were superior to the normal 
fuming chamber. The atmospheric-pressure/humidity cabinet provided superior 
results on plastic substrates and the vacuum cabinet produced superior results on glass 
and Styrofoam substrates.  
 
1.10.3 Co-fuming Indanedione and Cyanoacrylate 
 
In December 2014, Calvin Knaggs exhibited some interesting results on his Twitter 
account (accessed 19/12/2017) where he had co-fumed 1,2-indanedione and 
cyanoacrylate on foil producing luminescent fingermarks of high quality. The details 
of how he accomplished such results were not described; therefore, proof-of-concept 
experiments need to be conducted to see if such results are reproducible and can be 
achieved on a range of substrates using a simplified vacuum system.  
 
1.11 Polymer Banknotes 
 
During 1988, polymer banknotes were introduced to Australia with the $10 
Bicentenary note. The Reserve Bank then continued to replace all paper-based 
denominations, with the $100 polymer banknote the last introduced into circulation in 
1996. However, these polymer banknotes were quickly recognised as a difficult 
surface to develop latent fingermarks on, with Australian fingermark bureaus 
encountering significant problems (Flynn et al., 1999). 
 
Polymer banknotes are based on biaxially orientated polypropylene that is opacified 
through a special process. This opacification process creates a substrate with a low 
level of porosity. The windows on the notes are left clear and the shadow mark is 
placed on the note during opacification (Flynn et al., 1999). After opacification, the 
first printing process is performed. A dry offset Simultan press is used to produce the 
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background colours of the notes. The new series of banknotes have two security 
features not previously seen on Australian banknotes which are applied in this stage. 
The security features in the top-to-bottom window are applied as one continuous strip 
and the rolling colour effect is applied in a screen-printing process using an optically 
variable ink (Reserve Bank Australia, accessed 19/12/2017). The raised illustrations 
are then printed on both sides using engraved plates, resulting in a raised image that 
has a unique tactile effect. For the new series of banknotes, tactile features were 
implemented to aid the vision-impaired community to identify different 
denominations. The serial number is then applied using a letterpress process using an 
ink that has a special penetrating property (Flynn et al., 1999). Finally, an overcoating 
layer is applied consisting of two coatings: primer and mattcoat. The primer is 
formulated to improve the adhesion of the mattcoat. The mattcoat is then applied as 
the last protective coating that also reduces static buildup. The note is then exposed to 
UV light to catalyze the polymerization of the primer and mattcoat layers (Flynn et 
al., 1999). 
 
Polymer banknotes are a difficult surface as they are semi-porous and problematic 
when conventional fingermark detection techniques are applied (Flynn et al., 1999). It 
is the changes to printing and overcoating layers of the banknotes that introduce 
variables that can potentially alter the effectiveness of the detection technique (Davis 
et al., 2016). One variable is wear of the note. Jones et al. (2003) found the more wear 
of individual notes the less likely good quality fingermarks will be developed.  
Another problem that Flynn et al. (1999) encountered was the time required for latent 
fingermarks to dry (in three or four days) leaving a considerably small amount of 
residue remaining on the surface. Cyanoacrylate fuming and vacuum metal deposition 
have been found to be the most successful methods when used in combination, and 
fingermarks present on the transparent portion of the banknotes develop better than 
those on printed areas (Flynn et al., 1999; Jones et al., 2003; Lam, 2014a; Lam et al., 
2014b). The heavily patterned and multi-coloured printed areas create difficultly 
when visualising fingermarks if the ridge flow crosses these areas (Davis et al., 2016). 
 
The recommended procedure for developing latent fingermarks on polymer banknotes 
encompasses an optical examination, immediate treatment with cyanoacrylate fuming, 
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examination of the banknote, staining and recording of fingermarks on the clear 
portions of the banknote, vacuum metal deposition (light zinc deposition), 
examination and recording of developed fingermarks using diffused reflected light, 
further vacuum metal depositions using gold and zinc if required, followed by 
luminescent staining and lastly examination and recording of developed fingermarks 
(Jones et al., 2003). This procedure has developed one-year-old fingermarks on new 
banknotes and one-month-old fingermarks on used notes. When this method was 
applied to casework, identifiable fingermarks were developed in a number of cases 
(Jones et al., 2003).  
 
While cyanoacrylate fuming and vacuum metal deposition methods have been 
successfully applied as fingermark detection techniques on polymer banknotes, the 
vacuum application of an amino acid reagent such as indanedione has not, to our 
knowledge, been evaluated on this substrate. This should be explored to determine if 
such a technique may be an effective alternative. 
 
1.12 Aims and Objectives  
 
This study aimed to address the following research questions: 
 
Can a simplified vacuum system be adapted for the application of indanedione 
and produce similar results as reported by Swofford et al. (2012)? 
 
Do indanedione dry-transfer and vacuum development methods produce marks of 
the same quality as the traditional indanedione-zinc method? 
 
Is the development of fingermarks on certain paper substrates such as thermal 
paper better using solvent-less methods compared to traditional methods? 
 
What are the advantages and disadvantages of indanedione development under 
vacuum or by dry-transfer? 
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Two vacuum systems were available for evaluation: (i) an unheated vacuum chamber 
on loan from the Australian Federal Police (AFP) and originally designed for vacuum 
cyanoacrylate development; and (ii) a commercial vacuum oven that can be heated to 
temperatures up to 150ºC.  
 
In addition to treating porous and semi-porous surfaces (such as glossy paper), some 
“proof-of-concept” experiments were conducted to determine if vacuum indanedione 
treatment could have an application on polymer banknotes (a problematic semi-
porous substrate) and on non-porous substrates. In addition, the co-fuming of 
indanedione and cyanoacrylate was attempted in a small number of trials. 
 
  
Chapter 2: 
Materials and 
Methods 
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2.1 Materials  
 
2.1.1 Substrates and Fingermarks 
 
The project was undertaken in accordance with guidelines published by the 
International Fingerprint Research Group (IFRG, 2014). For the project – a mixture of 
“Phase 1: Pilot Study” and “Phase 2: Optimisation and Comparison” was carried out – 
six fingermark donors (3 female, 3 male) were asked to deposit natural fingermarks in 
a depletion series (4 sequential three-finger impressions) across a range of porous and 
semi-porous substrates: standard office paper, thermal paper, cardboard and glossy 
magazine paper (Table 2.1). Natural fingermarks involve no additional charging of 
secretions on the fingertips and only use the secretions that are naturally present. The 
latent fingermarks were aged for a minimum of a week for initial trials, and then this 
was extended to ageing periods of 3 weeks, 23 weeks, 27 weeks and 49 weeks. For 
each set of conditions (technique, substrate and ageing period), each donor was asked 
to deposit two sets of sequential impressions, one from the left hand and one from the 
right hand (8 three-finger impressions in total). The limited time available for the 
project restricted the number of donors, substrates, and fingermark age categories that 
could be considered. 
 
Prior to being developed, the fingermark samples were stored in paper envelopes in a 
laboratory cupboard. A Tinytag Ultra 2 TGU-4500 data logger was also stored with 
the samples so that the storage temperature and relative humidity could be monitored 
continuously (Appendix 2). 
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Table 2.1. Substrates employed in this study. 
Substrate Details  Approximate 
Dimensions  
Office Paper Staples carbon neutral A4 
copy paper 80 gsm. 
210 mm x 297 mm, 500 
sheets white.  
Acid free permanent 
paper ISO 9706.  
 
Cut in half length-ways 
10.5 cm x 29.5 cm.  
 
Glossy Magazine paper August 2016 ‘Delicious’ 
issue 162.  
Pages were selected at 
random. 
 
Cut in half length-ways 
9.55 cm x 27.5 cm after 
removal from the 
magazine. 
Cardboard Staples packing cardboard 
boxes. ORORA 2016 
1300 467 672 30815068 
Cut 7 cm x 25 cm using a 
box cutter.  
 
Thermal Paper Victory Thermal Cash 
Register Rolls 604, PEFC. 
Cut 7.5 cm x 29 cm. 
 
 
Additional porous, semi-porous and non-porous substrates were trialled during proof-
of-concept work including: ceramic white tiles, glass microscope slides, aluminium 
foil, polyethylene ziplock bag and Australian polymer banknotes.  
 
2.1.2 Vacuum Chambers 
 
The vacuum chambers available for this study were: (i) a commercial vacuum oven; 
and (ii) a custom-built vacuum chamber on loan from the Australian Federal Police 
(AFP). 
 
The commercial vacuum oven was a Labec model VO1 connected to an Alcatel 
2002BV vacuum pump and a Pfeifer TPG 201 vacuum gauge (Figure 2.1). The 
maximum operating temperature of the vacuum oven was 150°C.  
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Figure 2.2. Dynavac custom-built vacuum chamber on loan from the AFP. 
 
Figure 2.1. Labec vacuum oven model VO1. 
 
The custom-built vacuum chamber had been manufactured for the AFP by Dynavac 
Engineering specifically for vacuum cyanoacrylate treatment. The cylindrical 
chamber of this unit is 300 mm in diameter and 1500 mm in length, with hinged 
stainless steel doors at each end. The chamber is fitted with two external ports where 
reagents can be heated prior to being introduced into the evacuated chamber. The 
system was connected to a Woovac vacuum pump and an Edwards vacuum gauge 
(Figure 2.2). 
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2.1.3 Imaging System 
 
Developed fingermarks were imaged in luminescence mode using a Poliview imaging 
system (Rofin Australia Pty. Ltd.) fitted with a Polilight PL500 forensic light source 
(Rofin Australia Pty. Ltd.), with excitation using the 530 nm band of the light source 
and observation using a 590 nm interference band-pass filter (Figure 2.3). All 
recorded images were saved as TIFF files and were not further processed. 
 
 
Figure 2.3. Poliview imaging system used for the luminescence visualization of developed 
fingermarks. 
 
2.1.4 Other Equipment 
 
An Elna press 120 was the heat press used throughout the following experiments. 
 
A Digitech dual input thermometer QM-1601 was used to measure the necessary 
temperatures throughout experiments. 
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A Thermogravimetric Analysis/Differential Scanning Calorimetery Netzsch 
STA449C Jupiter was employed to assess the melting and decomposition points of 
the 1,2-indanedione used.  
 
All weight measurements were undertaken using a Sartorius A200S analytical 
balance. 
 
 
2.1.5 Chemicals 
 
The chemicals used across the experiments were sourced from multiple suppliers.  
1,2-Indanedione was purchased from Redy Chemtech. Acetic Acid 99-100%, Ethanol 
Denatured 95% and the Zinc Chloride were obtained from VWR chemicals. Basic 
Yellow 40 was purchased from Sirchie, Rhodamine 6G was purchased from Optimum 
Technology and the Cyanoacrylate used (Loctite 406) was manufactured by Loctite. 
Ethyl Acetate 99.5+% was provided by Aldrich and the HFE-7100 was provided by 
3M Novec HFE-7100. The Zinc Carbonate >58% Zn Basis (KT) was obtained from 
UNILAB laboratory reagents and the Zinc Nitrate Hexahydrate 98% was obtained 
from Chemsupply. 
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2.2 Methods 
 
2.2.1 Conventional Indanedione-Zinc Treatment  
 
The solutions were prepared as follows (Stoilovic and Lennard, 2012): 
 
IND Stock Solution (500ml): 
2.3 g     Indanedione, dissolved in 
480 mL Ethyl acetate, then add 
20 mL   Acetic acid 
 
Zinc Chloride Stock Solution (200ml): 
8 g        Zinc Chloride, dissolved in 
200 mL Ethanol (absolute) 
 
IND-Zn Working Solution (1000mL): 
130 mL IND stock solution, diluted with  
870 mL  HFE-7100 carrier solvent, then add 
4mL      Zinc Chloride stock solution.  
 
The standard application of indanedione-zinc (IND-Zn) followed the requirements 
specified by Stoilovic and Lennard (2012): 
1. An ironing press was preheated to 155-160°C. A thermocouple was used to 
determine the correct setting to achieve this temperature. 
2. Whilst working in a fume hood, a small amount of IND-Zn working solution 
was poured into a glass tray, to treat 10 documents at a time (recommended 
limit). 
3. Tweezers were used to submerge documents one at a time in the working 
solution allowing enough time to soak through the document. The document 
was then removed from the solution allowing the excess solution to run back 
into the tray. The treated document was then placed onto clean paper towel to 
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air dry. This procedure was repeated for the remaining samples, however if the 
solution became cloudy the solution was discarded.  
4. The leftover IND-Zn working solution was discarded.  
5. Once the treated samples had dried for less than 2 minutes they were placed 
into the ironing press for 10 seconds at 155-160°C between two sheets of 
clean paper towel. 
 
Treated fingermarks were then visualised under both white light and in the 
luminescence mode (Stoilovic and Lennard, 2012). 
 
2.2.2 Conventional Indanedione-Zinc Treatment for Thermal Paper 
 
Stoilovic and Lennard (2012) proposed a variation to the conventional indanedione-
zinc treatment to develop latent fingermarks on thermal paper. This variation excludes 
the use of acetic acid in the indanedione solution and the use of heat to accelerate 
development.  
 
The solutions were prepared as follows (Stoilovic and Lennard, 2012): 
 
Zinc Chloride Stock Solution (200 mL): 
8 g        Zinc Chloride 
200 mL Ethanol (absolute) 
 
IND-Zn Working Solution (1000 mL): 
0.35 g Indanedione, dissolved in 
40 mL Ethyl acetate, then diluted with 
960 mL  HFE-7100 carrier solvent, then add 
4 mL Zinc Chloride stock solution.  
 
Application was as follows: 
1. Whilst working in a fume hood, a small amount of IND-Zn working solution 
was poured into a glass tray, to treat 10 documents at a time (recommended 
limit). 
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2. Tweezers were used to submerge documents one at a time in the working 
solution allowing enough time to soak through the document. The document 
was then removed from the solution allowing the excess solution to run back 
into the tray. The treated document was then placed onto clean paper towel to 
air dry. This procedure was repeated for the remaining samples, however if the 
solution became cloudy the solution was discarded.  
3. The leftover IND-Zn working solution was discarded.  
4. Once treated items were dry, they were stored in the dark to develop at room 
temperature for 72 h (the same time required for the dry-transfer method to 
develop). 
 
2.2.3 Vacuum Oven Method 
  
Multiple variables were trialled to arrive at the following method; these variables 
included: heat, time allowed for deposition, humidity, amount of indanedione used, 
additional chemicals such as zinc chloride and acetic acid, ground indanedione and 
the number of times the indanedione could be recycled (see Chapter 3: Vacuum 
Method Development). 
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Figure 2.4. Experimental set-up inside the commercial vacuum oven. 
 
Using the Labec Vacuum Oven:  
1. The oven was preheated at 50°C for 20 min.  
2. 0.1 g of indanedione was weighed out into an aluminium dish. 
3. Due to the heating element being directly under the shelf, beakers were used 
to hold the samples above the shelf.  
4. The substrates were placed on top of the beakers and the indanedione was 
placed on the shelf between the beakers. 
5. The chamber was evacuated to 1 mbar.  
6. The oven was then heated to 50°C for 5 min.  
7. The heat was then turned off and the chamber was returned to atmospheric 
pressure. 
8. Treated samples were removed from the vacuum oven and placed into a dry 
ironing press heated to 155-160°C (10 sec) for normal paper. The thermal 
paper was not placed into the dry ironing press, instead left for 72 h at room 
temperature. 
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Note that, on average, 0.003 g of indanedione was lost per cycle. Experiments were 
conducted to determine if the remaining indanedione could be reused (i.e., 
“recycled”) for subsequent treatment cycles. 
 
2.2.4 Vacuum Chamber Method 
 
The documentation received with the custom-built vacuum chamber from the 
Australian Federal Police described a recommended procedure for vacuum 
cyanoacrylate fuming. This procedure was adapted by replacing the cyanoacrylate 
with indanedione as follows: 
 
1. The external ports of the chamber were checked for build-up and cleaned if 
necessary.  
2. The heating system for the external ports were turned on and set at 80V to 
achieve a temperature of ~130ºC. 
3. The samples were placed inside the chamber and both doors to chamber were 
closed. 
4. The vacuum pump was turned on. 
5. The heating element was left on for a minimum of 10 min and then the timer 
was set for desired fuming time.  
6. The green ‘start’ button on the control panel was pressed commencing the 
evacuation of the chamber. Once a pressure of 0.4 torr was reached, the shut 
off valve between the chamber and the pump engaged. 
7. 0.1g of indanedione was placed into an aluminium foil boat that was then 
placed into the external port. 
8. The switch labelled ‘CA Valve’ was moved to the ‘ON’ position.  
9. After 3 min the ‘CA Valve’ was moved to the ‘OFF’ position.  
10. When the fuming period was finished, air automatically entered the chamber. 
Once the sound of air returning to the chamber ceased the doors were opened 
and the samples were removed.  
11. Treated samples were removed from the vacuum chamber and placed into a 
dry ironing press heated to 155-160°C (10 sec) for normal paper. The thermal 
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paper was not placed into the dry ironing press, instead left for 72 h at room 
temperature. 
 
A significant number of experiments were conducted using this method and by 
varying certain parameters (such as temperature, pressure and treatment time, See 
Chapter 3: Vacuum Method Development) in an effort to obtain similar results to 
those achieved using the vacuum oven method. Due to the overall poor results 
observed, the use of this chamber was removed from consideration for the treatment 
of the aged samples. As such, all subsequent vacuum indanedione treatments were 
conducted using the commercial vacuum oven only. 
 
2.2.5 Dry-Transfer Indanedione Method 
 
The procedure described by Patton et al. (2010) was followed with modification to the 
paper; using standard office paper as the indanedione soaked paper instead of the 
reported chromatography paper. 
 
Preparation of indanedione impregnated paper: 
1. Whilst working in a fume hood, a small amount of IND-Zn working solution 
was poured into a glass tray, to treat 10 documents at a time (recommended 
limit). 
2. Tweezers were used to submerge documents one at a time in the working 
solution allowing enough time to soak through the document. The document 
was then removed from the solution allowing the excess solution to run back 
into the tray. The treated document was then placed onto clean paper towel to 
air dry. This procedure was repeated for the remaining samples, however if the 
solution became cloudy the solution was discarded.  
3. The leftover IND-Zn working solution was discarded.  
4. Treated paper, once dry, was stored in a plastic zip lock bag under ambient 
conditions in the dark (Fritz et al., 2013). 
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Use of indanedione impregnated paper to treat normal paper samples: 
1. An ironing press was preheated to 155-160°C. A thermocouple was used to 
determine the correct setting to achieve this temperature. 
2. The sample was placed between two sheets of dry indanedione impregnated 
paper completely covering the sample. 
3. The ironing press was used to heat the sample in the indanedione impregnated 
paper at 155-160°C for 10 sec between clean sheets of paper towel. 
 
Use of indanedione impregnated paper to treat thermal paper samples: 
1. The sample was placed between two sheets of dry indanedione impregnated 
paper completely covering the sample. 
2. The sample in the indanedione impregnated paper was placed in an unheated 
press for 72 h. 
 
The results were imaged as for the conventional indanedione-zinc treatment.  
 
The fingermarks developed by the different methods were graded using the UC 
comparative scale (McLaren et al., 2010; IFRG, 2014) as detailed below. 
 
2.2.6 Comparative Assessment Method 
 
Each three-finger impression was split down the middle so that each half could be 
treated using a different method for comparative purposes. After treatment, the two 
halves were recombined and the development assessed using the UC comparative 
scale: 
 
 +2  Method A significantly better than Method B 
 +1  Method A marginally better than Method B 
   0  No Difference (ND) between Method A and B, or No Result (NR) 
 –1  Method B marginally better than Method A 
 –2  Method B significantly better than Method A 
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Figure 2.5. Representative examples of scores using the UC comparative scale (with Method A 
on the left half of each impression and Method B on the right half). 
 
Note that ND refers to the case where fingermark development is observed but there 
is no significant different between the two halves. NR refers to the case where no 
fingermark development is observed on either half of the same impression. All NR 
results were excluded from the data analysis. 
 
Figure 2.5 and Figure 2.6 show representative examples of scores from these 
experiments.  
 
 
            
 
 
 
 
Figure 2.6. Representative example of a 0:NR (no result) score. 
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2.3 Proof-of-concept Experiments 
 
As well as the experiments indicated above, some preliminary trials were conducted 
to determine if the proposed vacuum indanedione method could have application for 
other substrate types (e.g., non-porous) or could be combined with vacuum 
cyanoacrylate treatment as proposed by Knaggs on his Twitter account (Knaggs 2014, 
accessed 19/12/17). Fingermarks from 2 donors were aged for a minimum of one 
hour. All results were recorded in the luminescence mode under the conditions 
previously described. 
 
2.3.1 Non-porous Surfaces 
 
Fingermarks aged for a minimum of 1 h from two donors on a number of non-porous 
materials – white ceramic tile, aluminium foil, glass microscope slide and plastic zip 
lock bag – were treated within the vacuum oven using the following procedure:  
1. The oven was preheated at 50°C for 20 min. 
2. Samples were placed on beakers above 0.1 g of indanedione.  
3. The chamber was evacuated to 1 mbar.  
4. The oven was then heated for an hour at 50°C. 
5. The temperature was then increased to 100°C and maintained for 30 min. 
6. The temperature was further increased to 150°C and maintained for 30 min. 
7. The oven was turned off and returned to atmospheric pressure.  
8. Samples were allowed to develop at room temperature for 72 h. 
 
Note that this method was based on preliminary trials across a range of different 
substrates and that the 3-day development period is not necessary for all substrates. 
  
2.3.2 Polymer Banknotes 
 
Fingermarks aged for a minimum of 1 h from two donors on Australian $5 polymer 
banknotes (circulated September 2016) were treated within the vacuum oven using 
the same procedure as indicated for the non-porous surfaces, except step 6 which was 
not performed.  
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Figure 2.7. Experiment set-up for the co-fuming experiments conducted with the 
commercial vacuum oven. 
 
2.3.3 Co-fuming Indanedione and Cyanoacrylate  
 
Fingermarks aged for a minimum of 1 h from two donors on a range of non-porous 
and semi-porous substrates – white ceramic tile, aluminium foil, glass microscope 
slide, thermal paper, magazine paper, polymer banknote – were treated within the 
vacuum oven using the following procedure (Figure 2.7): 
1. The oven was preheated at 50°C for 20 min. 
2. The samples were placed on beakers above 0.1 g of indanedione.  
3. The chamber was evacuated to 1 mbar.  
4. A 20 mL quickfit conical flask containing 10 drops of cyanoacrylate was 
attached to the external inlet valve of the oven.  
5. The conical flask was then placed in a water bath with a temperature of ~80°C 
to pre-heat the cyanoacrylate prior to vaporisation. 
6. When the oven reached 50°C the external inlet valve to the oven was opened 
allowing cyanoacrylate vapour to bleed into the vacuum oven. 
7. The oven was heated at 50°C for 5 min with the external inlet valve left open. 
8. The oven was turned off and returned to atmospheric pressure.  
9. The samples were allowed to develop at room temperature for 72 h. 
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3.1 AFP Vacuum Chamber Method Development 
 
Initially, it was important to perform the accompanying cyanoacrylate method that the 
chamber was designed for, but replacing cyanoacrylate with indanedione. It took 
some time to achieve the same vacuum pressure (0.4 torr; 0.53 mbar) that was 
mentioned in the AFP method, which required the replacement of O-rings and the 
addition of foam tape to rectify air leaks.  
 
There are two external ports on the vacuum chamber (Figure 3.1), both of which can 
be heated and used to introduce reagents into the chamber depending on the desired 
treatment. The temperature reached within each port can be varied using a voltage 
regulator. One port is lined with Teflon (A) and the other is lined with metal (B). The 
heating belts for these ports differ in position in relation to the inlets to the chamber. 
Port A has the heating belt at the bottom of the port and port B has the heating belt in 
line with the associated inlet. Through preliminary trials using both port A and B, it 
was discovered that this was affecting the amount of indanedione that was being 
vaporised. Thermocouples were used to measure the temperature within the ports at 
different input voltages, which determined that the port A was reaching higher 
temperatures whilst port B took 40 min to reach a stable temperature. 
 
 
Figure 3.1. External ports of the vacuum chamber in which chemicals are heated in prior to 
entry into the chamber. A: Teflon lined port, B: Metal port. 
 
A                                      B 
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Port A was reaching higher temperatures, when the accompanying cyanoacrylate 
method was conducted with 0.1 g of indanedione at 80 V (corresponding to a 
temperature of 130ºC). However, no luminescent marks were produced on test items 
as the indanedione had crystallised at the chamber inlet of port A. This was likely due 
to the heating belt not being in line with the inlet port along with the chamber itself 
not being heated. 
 
Port B was then trialled using 0.1 g of indanedione at 60 V (corresponding to a 
temperature of 90ºC) for 30 min. While some weakly luminescent marks were 
observed on test items (Figure 3.2), there were inconsistent results achieved across the 
experiments conducted. For example, when the substrates were placed at the opposite 
end of the chamber from the heated external ports, there were no luminescent 
fingermarks produced. The voltage supplied to the ports was increased to 100 V 
hence increasing the vaporisation temperature; however, no consistent results were 
observed. These inconsistent results could be due to the chamber itself not being 
heated. 
 
Figure 3.2. Faint luminescence seen in treated fingermarks when using the metal port at 60 V 
(90ºC) in the AFP vacuum chamber. 
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During the reintroduction of air to the chamber returning the chamber to atmospheric 
pressure, the turbulence created resulted in the test substrates being thrown around 
and damaged. This necessitated the use of magnets in subsequent trials to weigh down 
the paper test items within the chamber. This is problematic for operational use where 
the location of fingermarks on evidential items is unknown. 
 
Another disadvantage from an operational perspective was the lengthy cycle time – 
more than 1 h per cycle – in comparison to the vacuum oven cycle time of less than 
20 min. Given that it is commercially available, the vacuum oven is much easier to 
access and is less expensive to purchase compared to a custom-made vacuum 
chamber of the type provided by the AFP.  
 
As a result of the poor and inconsistent results achieved in preliminary trials and for 
the other reasons summarised above, the AFP vacuum chamber was not considered to 
be a viable option for vacuum indanedione treatment. This chamber would require 
major design changes to facilitate a vacuum indanedione method as a freestanding 
chamber (See Chapter 6: Conclusions, Limitations and Recommendations for Future 
Work). As such, all subsequent vacuum indanedione experiments were undertaken 
using the commercial vacuum oven.  
 
3.2 Commercial Vacuum Oven Method Development 
 
One major limitation of this project was the time available to optimise a vacuum 
indanedione method for the subsequent comparisons. However, a wide range of 
variables were ultimately tested as summarised below.  
 
The article by Swofford et al. (2012) provided minimal details on their proposed 
vacuum method. As such, this provided only limited guidance on what parameters 
needed to be assessed in this study. The maximum temperature that the Labec V01 
vacuum oven can reach is 150°C, Schwarz and Frerichs (2002) had reported a 
vacuum ninhydrin method where the chamber was heated to 150°C for 30 min. 
Therefore, initial trials were conducted at 150°C for 30 min using 0.1 g of 
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indanedione. This caused the indanedione to decompose (changing from light yellow 
to dark brown in colour), with treated substrates becoming discoloured. Treated 
fingermarks were also discoloured (brown in colour) with no observable 
luminescence. This may have been due to either the deposition of decomposed 
indanedione, or the thermal decomposition of the indanedione reaction product. 
 
A gradual temperature increase approach was subsequently tested, with the oven set at 
50°C for 1 h, followed by heating to 100°C for 30 min and then 150°C for 30 min. It 
was hoped that indanedione vaporisation would occur at the lower temperature, while 
formation of the desired indanedione reaction product would occur at the higher 
temperatures. This produced the first set of luminescent fingermarks using the 
vacuum oven (Figure 3.3); however, the run time was quite long (2 h). Aiming to 
decrease the run time, this ramped method was compared to 1 h at 50°C followed by 
30 min at 100°C using split impressions. However, only weak luminescence was 
observed in treated marks and the substrate also discoloured. As discolouration had 
still occurred with 1 h at 50°C followed by 30 min at 100°C, a one step heating 
process of 1 h at 50°C was trialled. This produced stronger luminescence in treated 
marks; the indanedione remained as a light-yellow powder (no sign of decomposition) 
and there was no discolouration of the substrate. Consistently seeing such results 
using 50°C for 1 h led to experiments where the temperature was altered to see if the 
same results were possible at different temperatures. 
 
Using the method of 1 h at 50°C as a control, the temperature was varied whilst 
keeping the same run time on split impressions. Using 100°C produced a similar 
luminescence to 50°C (Figure 3.4); however, this still resulted in discolouration of the 
substrate as reported above. With the vacuum oven heated at 75°C for 1 h, only weak 
luminescence was produced and both the remaining indanedione and the substrate 
were slightly discoloured. A cycle at 40°C was also performed where it was observed 
that less indanedione was lost (see Table 3.1) and there was weaker luminescence in 
treated marks compared to treatment at 50°C (Figure 3.5). Overall, temperatures from 
40°C to 150°C were assessed with the same starting amount of indanedione (0.1 g) 
and the most consistent results in terms of fingermark luminescence were observed 
using an oven temperature of 50°C. 
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Figure 3.3. Fingermarks on standard white office paper aged for a minimum of 1 h and then 
developed with indanedione in the vacuum oven using the following conditions: 1h at 50°C, 
30 min at 100°C and 30 min 150°C. Imaged directly after heat press.  
 
Table 3.1. Average amount of indanedione lost for each treatment cycle experiment. 
 
 
Experimental 
conditions 
Starting amount of 
indanedione 
Average 
indanedione lost 
Number of 
treatment 
cycles used to 
calculate 
averages 
30 min 150°C 0.1 g 0.060 g 3 
1 h 50°C, 30 min 
100°C, 30 min 
150°C 
0.1 g 0.057 g 11 
1 h 50°C, 30 min 
100°C 
0.1 g 0.025 g 5 
1 h 50°C 0.1 g 0.005 g 64 
1 h 100°C 0.1 g 0.087 g 2 
1 h 75°C 0.1 g 0.080 g 3 
1 h 40°C 0.1 g 0.003 g 1 
2 h 50°C 0.1 g 0.008 g 2 
30 min 50°C 0.1 g 0.005 g 14 
15 min 50°C 0.1 g 0.003 g  4 
5 min 50°C 0.1 g 0.002 g 65 
2 min 50°C 0.1 g 0.002 g 7 
Indanedione as 
received 
0.1 g 0.005 g 64 
Indanedione as a fine 
powder 
0.1 g 0.007 g 1 
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Figure 3.5. Fingermarks on standard white office paper aged for a minimum of 1 h and then 
developed with indanedione in the vacuum oven using the following conditions: 50°C 1 h on the 
left, 40°C 1 h on the right. Imaged directly after heat press. 
 
 
Figure 3.4. Fingermarks on standard white office paper aged for a minimum of 1 h and then 
developed with indanedione in the vacuum oven using the following conditions: 100°C 1 h on the 
left, 50°C 1 h on the right. Imaged directly after heat press. 
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With 50°C established as the optimum temperature, the time parameter (treatment 
period at this temperature) was then altered. The longest time tested was 2 h, where 
the substrate became slightly discoloured and there was no difference seen in the 
fingermark luminescence directly after treatment compared to one-hour processing. 
Additional time periods of 30 min, 15 min and 5 min were compared against each 
other, with no significant difference observed with respect to the fingermark 
luminescence generated (Figure 3.6). The shortest heating time tested was 2 min; 
whilst the luminescence was similar to the 5 min trials, less indanedione was being 
lost (Table 3.1) and it was unclear if that was an adequate time period for the 
indanedione treatment. As a result, 5 min was selected for all subsequent trials. 
 
It became apparent that pre-heating the oven was necessary when running the oven 
for the shorter period of 5 min as seen in Figure 3.7. The oven was taking about 17 
min to stabilize at 50°C; as a result, to ensure that the oven temperature was 
stabilised, a pre-heating time of 20 min was selected when starting with a room 
temperature oven. Once the oven had been pre-heated and one treatment cycle had 
been performed, no additional pre-heating was required between subsequent 
experiments provided that there was no significant time delay between these 
experiments.  
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Figure 3.7. Fingermarks on standard white office paper aged for a minimum of 1 h and then 
developed with indanedione in the vacuum oven using the following conditions: 5 min at 50°C 
with a room temperature start on the left, oven preheated for 20 min at 50°C on the right. 
Imaged directly after heat press. 
 
 
Figure 3.6. Fingermarks on standard white office paper aged for a minimum of 1 h and then 
developed with indanedione in the vacuum oven using the following conditions: 15 min at 50°C 
on the left, 5 min at 50°C on the right. Imaged directly after heat press. 
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Humidity is known to have a positive effect on the reaction of indanedione (Stoilovic 
et al., 2007; Bicknell & Ramotowski, 2008); therefore, experiments were performed 
where either the humidity inside the vacuum oven was increased during treatment or 
treated samples were exposed to high humidity conditions. The initial humidity trials 
were conducted using a humidity chamber – set at 80% relative humidity and 25°C – 
after the substrates had been processed with the vacuum oven for 1 h at 50°C. Using 
the humidity chamber for 1 h resulted in slight diffusion on the half of the fingermark 
impressions that had been exposed to the high humidity. Samples that were placed in 
the humidity chamber for 2 h created fingermarks that were significantly diffused and 
discoloured (orange/brown colouration). Not one of the trials using a humidity 
chamber resulted in any significant change to luminescence intensity in developed 
marks. 
 
The next set of humidity trials that were conducted involved placing water directly 
within the vacuum oven in a separate aluminium dish during treatment. The presence 
of an aluminium dish containing 5 drops of water during the processing cycle made 
no difference in luminescence in treated marks compared to fingermarks that were 
developed without any water in the oven. An increased amount of 20 drops of water 
lead to diffusion of the fingermarks. An aluminium dish filled with water created 
condensation within the oven and heavily diffused treated fingermarks. In another 
trial, steam from a clothes iron was applied after the vacuum oven treatment; 
however, regardless of the amount of steam, there was no improvement in 
luminescence compared to fingermarks that had not been exposed to steam.  
 
As the indanedione reaction is known to benefit from the presence of a zinc catalyst 
(Stoilovic et al., 2007; Spindler et al., 2011), several experiments were conducted in 
an attempt to introduce zinc(II) into the chamber. In an initial trial, a separate 
aluminium dish containing 0.5 g of zinc nitrate hexahydrate was placed within the 
vacuum oven in addition to the 0.1 g of indanedione. The aluminium dish holding the 
zinc nitrate hexahydrate required filter paper to be placed over the dish to avoid 
spitting (due to the loss of the water of hydration from the zinc salt). As demonstrated 
in Figure 3.8, the half impression with no zinc nitrate hexahydrate in the treatment 
cycle produced more luminescent fingermarks. In a second trial, 0.5 g of zinc 
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carbonate was placed in a separate aluminium dish inside the vacuum oven. There 
was a slight decrease in luminescence on the zinc carbonate half of the fingermark 
impression (Figure 3.9).  
 
 
Figure 3.8.  Fingermarks on standard white office paper aged for a minimum of 1 h and then 
developed with indanedione in the vacuum oven using the following conditions: 50°C 1 h no zinc 
nitrate hexahydrate on the left, 0.5 g zinc nitrate hexahydrate on the right. Imaged directly after 
heat press.  
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Figure 3.9. Fingermarks on standard white office paper aged for a minimum of 1 h and then 
developed with indanedione in the vacuum oven using the following conditions: 50°C 1 h, 0.5g of 
zinc carbonate on the left, no zinc carbonate on the right. Imaged directly after heat press.  
 
Through a personal communication (Calvin Knaggs {Co-author of Swofford et al. 
(2012)}, March 2016), it was suggested that the introduction of acetic acid and water 
vapour into the vacuum oven during a treatment cycle may improve the indanedione 
reaction. Using one of the external inlet valves to the vacuum oven, a small round-
bottom flask containing 2 mL of water and 2 mL of glacial acetic acid was attached. 
After a vacuum pressure of 1 mbar was achieved, the external inlet valve was opened 
slightly, bleeding in the vapours produced from the acetic acid and water. However, 
as shown in Figure 3.10, there was slightly better luminescence for the half 
fingermark impression where no acetic acid and water vapour had been employed in 
the treatment cycle. 
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Figure 3.10. Fingermarks on standard white office paper aged for a minimum of 1 h and then 
developed with indanedione in the vacuum oven using the following conditions: 50°C 1 h vapour 
from 2 mL of acetic acid and 2 mL of water on the left, no acetic acid or water vapour on the 
right. Imaged directly after heat press.  
When 0.1 g of indanedione is used for one treatment cycle at 50°C (from 5 min up to 
1 h), only a relatively small amount is lost and the remaining material in the 
aluminium dish is still in powder form with no visual indication of any decomposition 
(i.e., no noticeable colour change). The question then arose as to whether or not this 
remaining material could be “recycled” and used for subsequent vacuum treatments. 
A thermogravimetric analysis was conducted to confirm the thermal properties of the 
powdered indanedione that had been purchased for this study. 
Approximately 5 mg of indanedione was placed into a crucible that was then heated 
in the thermogravimetric analyser to 590°C at 10°C per min in air. A second analysis, 
with a new sample of indanedione, was conducted in nitrogen. A melting point of 
119°C was determined [compared to a published melting point of 117–124°C; 
(Sigma-Aldrich, 2011)], with the first mass loss being observed at 135°C. This 
suggests that decomposition of the indanedione was occurring from this temperature. 
The associated TGA traces are provided in Appendix 3. 
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Given that the vacuum oven was being operated at 50°C after method optimisation 
and that this is well below the onset of indanedione decomposition, the reuse of 
leftover indanedione was deemed feasible. Trials were conducted where the 
indanedione was recycled up to three times (i.e., reused in 3 subsequent treatment 
cycles), with no observed effect on developed fingermarks compared to the use of 
fresh (non-recycled) indanedione. An example from these trials is provided in Figure 
3.11. 
 
Figure 3.11. Fingermarks on standard white office paper aged for a minimum of 1 h and then 
developed with indanedione in the vacuum oven using the following conditions: 50°C 1 h non-
recycled indanedione on the left, indanedione recycled twice on the right. Imaged directly after 
heat press.  
 
For each treatment cycle at 50°C for 5 min starting with 0.1 g of indanedione, on 
average only approximately 0.002 g of indanedione was being lost (Table 3.1). 
Instead of using the indanedione as received, trials were conducted where a mortar 
and pestle was used to crush the indanedione into a fine powder prior to use in the 
vacuum oven as it was felt that this may increase the amount of material vaporised. 
This did not result in any improved luminescence in treated fingermarks even though 
more indanedione was being lost (Table 3.1). 
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Extensive experiments were conducted where the relative positioning of the 
indanedione and substrates was varied. This had no observable effect on the results 
observed.  
 
The above experiments ultimately covered a comprehensive range of variables despite 
the limited time allocated for method optimisation. The results from this assessment 
of experimental variables led to the following procedure being used for the 
subsequent comparisons:  
 
1. Pre-heat oven at 50°C for 20 min.  
2. Weigh out 0.1 g of indanedione into an aluminium dish. 
3. Due to the heating element being directly under the shelf, beakers were used 
to hold the samples above the shelf.  
4. Place substrates onto the beakers and place the indanedione on the shelf and 
between the beakers. 
5. Evacuate the chamber to 1 mbar (0.75 torr).  
6. Heat the oven for 5 min at 50°C. 
7. Turn heat off and return the oven to atmospheric pressure.  
8. Remove samples from the oven and place in a dry ironing press at 155-160°C 
(10 sec) for normal paper or leave for 3 days at room temperature for thermal 
paper. 
 
The results from the comparisons using this procedure and previously published 
indanedione treatment methods are presented in the following chapter (Chapter 4: 
Comparison of Indanedione Application Methods).  
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4.1 Overview 
 
Originally, the age ranges for the fingermarks were to be measured in months: 1, 3, 6 
and 12 months. However, there was a delay in treating the ‘3 month’ samples and 
these were ultimately developed within weeks of the ‘6 month’ samples. The time that 
the fingermarks were aged for is therefore referred to in weeks: 3, 23, 27 and 49 
weeks. It was thought that the 23- and 27-week samples could act as near replicates 
for data analysis; unfortunately, this was not the case as discussed later in section 4.2. 
 
The conventional and dry-transfer comparisons were conducted on 3-week, 23-week, 
27-week and 49-week samples. Whereas vacuum oven method comparisons to 
respective methods were only performed on 3-week and 23-week samples. The 
decision to exclude the 27-week and 49-week samples from the vacuum oven method 
comparisons was made due to the inferior results produced from the initial (3- and 23-
week) comparisons using the vacuum oven method. 
 
The UC scaling method that was used to assess the developed fingermarks is 
described in Chapter 2, Section 2.2.6 Comparative Assessment Method and it is 
important to note that all 0:NR (no result) values were excluded from the data when 
calculating averages. Using this assessment method, a blind inter-observer study was 
conducted on a representative selection of images to ensure that no bias was occurring 
within the scores generated across the study. Assessor 1 conducted scoring for all 
images produced, whereas assessors 2 and 3 only scored the 20 representative images 
in the blind study. From this blind study, all 3 observers were found to be relatively 
consistent, with 11 out of 20 images given the same value, 8 out of 20 image scores 
varying by only ± one score increment between observers, and only one complex 
image where each observer assigned a different value. The results from the blind 
inter-observer study can be found in Appendix 1. The performance assessment of 
each indanedione application method, as discussed below, was conducted using only 
the scores assigned by assessor 1. 
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4.2 Conventional Indanedione-Zinc Treatment Compared to Dry-
Transfer Indanedione Method 
 
Figure 4.1 shows the averages calculated for samples aged 3 weeks for the 
comparison of the conventional method (+) and the dry-transfer method (–). For each 
substrate, the average UC rating had positive values with the averages ranging from 
1.19 for glossy magazine paper to 1.58 for cardboard. These results indicate that the 
conventional method produced fingermarks with greater ridge detail and/or 
development contrast compared to the dry-transfer method across all substrates tested. 
As seen in Figure 4.2 there were no fingermarks where the dry-transfer method 
outperformed the conventional method and few 0:ND (no difference) values.  
 
 
 
Figure 4.1. Average UC scores across substrates for 3-week-old fingermarks when comparing the 
conventional method (+) to the dry-transfer method (-) with 0:NR values excluded. 
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Figure 4.2. Frequency of each score across substrates for 3-week-old fingermarks when comparing 
the conventional method (+) to the dry-transfer method (-). 
 
 
 
 
Figure 4.3 shows the averages calculated for samples aged 23 weeks for the 
comparison of the conventional method and the dry-transfer method. For each 
substrate, the average UC rating had positive values, with the averages ranging from 
0.2 for glossy magazine paper to 1.82 for cardboard. These results indicate that, on 
average, the conventional method produced fingermarks with greater ridge detail 
and/or development contrast compared to the dry-transfer method across all 
substrates. However, the difference was only marginal for magazine paper (small 
positive value). 
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Figure 4.3. Average UC scores across substrates for 23-week-old fingermarks when comparing the 
conventional method (+) to the dry-transfer method (-) with 0:NR values excluded. 
 
Figure 4.4. Frequency of each score across substrates for 23-week-old fingermarks when 
comparing the conventional method (+) to the dry-transfer method (-). 
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Figure 4.5. Average UC scores across substrates for 27-week-old fingermarks when comparing the 
conventional method (+) to the dry-transfer method (-) with 0:NR values excluded. 
 
Figure 4.5 represents the averages calculated for samples aged 27 weeks for the 
comparison of the conventional method and the dry-transfer method. For cardboard 
and thermal paper, the average UC rating had positive values with the averages being 
0.68 for thermal paper and 1.58 for cardboard. The results indicate that, on average, 
the conventional method produced fingermarks with greater ridge detail and/or 
development contrast compared to the dry-transfer method on cardboard and thermal 
paper. However, the dry-transfer method performed marginally better on glossy 
magazine paper with a value of -0.3. Although 20 out of 48 fingermarks on magazine 
paper were assigned a score of 0: NR and therefore excluded from the average (raw 
data can be found in Appendix 4). In the case of the office paper with a score of -0.02, 
it can be concluded that, on average, there was little to no difference between the 
conventional method and the dry-transfer method. This is supported by the frequency 
of 0:ND scores seen in Figure 4.6, where 21 out of the 48 fingermarks for office paper 
were assigned a value of 0:ND.  
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Figure 4.6. Frequency of each score across substrates for 27-week-old fingermarks when 
comparing the conventional method (+) to the dry-transfer method (-). 
 
 
 
 
 
 
Figure 4.7 represents the averages calculated for samples aged 49 weeks for the 
comparison of the conventional method and the dry-transfer method. For each 
substrate, the average UC rating had positive values, with the averages ranging from 
1.06 for office paper to 1.80 for cardboard. These results indicate that the 
conventional method produced fingermarks with greater ridge detail and/or 
development contrast compared to the dry-transfer method across all substrates. Very 
few scores assigned to fingermarks indicated that the dry-transfer method was 
marginally better (-1) than the conventional method (Figure 4.8). 
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Figure 4.7. Average of UC scores across substrates for 49-week-old fingermarks when comparing 
the conventional method (+) to the dry-transfer method (-) with 0:NR values excluded. 
 
Figure 4.8. Frequency of each score across substrates for 49-week-old fingermarks when comparing 
the conventional method (+) to the dry-transfer method (-). 
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The results from the conventional and dry-transfer comparisons indicated that the 
conventional method outperformed the dry-transfer method on all substrates, with the 
exception of the magazine paper and office paper for samples aged for 27 weeks. At 
this age, the dry-transfer method performed marginally better than the conventional 
method on magazine paper and performed similarly on office paper (Figure 4.5). 
 
Although the conventional method is straightforward, there is a recommendation that 
no more than 10 samples are to be processed in the same tray load of solution and the 
remaining solution in the tray must be discarded (Stoilovic and Lennard, 2012). This 
results in a large amount of solution being used and the waste discarded, going against 
the “green chemistry” trend (Chen et al., 2015). The current method also requires one 
sample at a time to be placed into the solution and this can become time consuming. 
 
From the substrates employed in this comparison, the glossy magazine paper had the 
highest frequency of 0:NR values (Figures 4.2, 4.4, 4.6, and 4.8). It was found that if 
fingermarks were deposited on areas of heavily printed dark inks, such as black or 
red, then luminescent marks were not produced due to quenching of the 
luminescence, leading to a large number of 0:NR results on this surface (Figure 4.20). 
When selecting glossy magazine paper as a substrate, the print (light or dark) on the 
paper was not factored into the selection process as we needed to simulate what might 
be found in casework. Once the fingermarks were developed and the results were 
recorded, the frequency of light printed and dark printed areas was estimated, 
indicating that nearly half of the fingermarks were deposited onto light printed areas 
and the remaining deposited onto dark printed areas. Therefore not skewing the 
number of 0:NR values assigned to fingermarks deposited on glossy magazine paper.  
 
The cardboard values were consistently positive after 0:NR values were excluded, 
with an average score of over 1.58 for all age categories (Figures 4.1, 4.3, 4.5 and 
4.7). There was only one score of -1 and no -2 for cardboard (Figure 4.4) throughout 
this comparison (192 fingermarks), indicating that the dry-transfer method is inferior 
on this substrate.  
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Figure 4.9. Average UC scores across substrates for 3-week-old fingermarks when comparing 
the vacuum oven method (+) to the dry-transfer method (-) with 0:NR excluded. 
 
4.3 Vacuum Oven Method Compared to Dry-Transfer Indanedione 
Method 
 
Figure 4.9 displays the averages calculated for samples aged 3 weeks for the 
comparison of the vacuum oven method (+) and the dry-transfer method (–). The 
average UC rating for glossy magazine paper and thermal paper were positive, being 
1.31 for thermal paper and 1.74 for glossy magazine paper. These results indicate that 
the vacuum oven method produced fingermarks with greater ridge detail and/or 
development contrast compared to the dry-transfer method for glossy magazine paper 
and thermal paper. However, office paper had an average value of -0.27 indicating 
that the dry-transfer method, on average, performed marginally better on this substrate 
at this age. The cardboard had a value of 0 due to all the scores recorded for this 
substrate being 0:NR (Figure 4.10), and therefore was excluded from the averages.  
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Figure 4.10 Frequency of each score across substrates for 3-week-old fingermarks when comparing 
the vacuum oven method (+) to the dry-transfer method (-). 
 
 
 
 
 
 
Figure 4.11 depicts the averages calculated for samples aged 23 weeks for the 
comparison of the vacuum oven method and the dry-transfer method. For each 
substrate, the average UC rating had negative values, with the averages ranging 
from -0.82 for glossy magazine paper to -1.85 for office paper. These indicate that the 
dry-transfer method produced fingermarks with greater ridge detail and/or 
development contrast compared to the vacuum oven method across all substrates. 
This is supported by the frequency of values represented in Figure 4.12 as this graph 
is largely skewed to the negative values, with only one score at +1 across all 
substrates.  
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Figure 4.12. Frequency of each score across substrates for 23-week-old fingermarks when 
comparing the vacuum oven method (+) to the dry-transfer method (-). 
 
Figure 4.11. Average UC scores across substrates for 23-week-old fingermarks when comparing 
the vacuum oven method (+) to the dry-transfer method (-) with 0:NR excluded. 
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The vacuum oven method performed well compared to the dry-transfer method for 3-
week-old samples, where the best performing substrates were glossy magazine paper 
and thermal paper. One hypothesis for these results could be that the vacuum 
indanedione method is only effective for fingermark residues that are on the surface 
of the substrate. This would explain why it is more effective for relatively fresh marks 
(3 weeks old) on semi-porous substrates (magazine and thermal paper). At 3 weeks, 
some of the deposited fingermark residue would still be present on the surface of the 
substrate, allowing interaction between the vaporised indanedione and the ‘surface’ 
residue. At 23 weeks, this residue would have absorbed into the substrate, thus not 
permitting this interaction to occur. There was only one score in favour of the vacuum 
oven method over the dry-transfer method from the values assigned to the 23-week 
samples (Figure 4.12). 
 
Neither the vacuum oven method nor the dry-transfer method produced any 
luminescent fingermarks on cardboard at 3 weeks, resulting in the data from this 
substrate being excluded. These results could be due to the vacuum oven method and 
the dry-transfer method being the two least effective methods of the three methods 
compared.  The occurrence of 0:NR values is considerably large across all substrates 
within the 3-week comparison, with over half of the fingermarks (Figure 4.10) 
producing this result. The frequency of 0:NR values assigned to 23-week-old samples 
was less, with 24% of fingermarks receiving that score. The large number of 0:NR 
values was expected as the vacuum oven method and the dry-transfer method were 
the two weakest development techniques of those evaluated in this study. 
 
4.4 Vacuum Oven Method Compared to Conventional Indanedione-
Zinc Treatment  
 
Figure 4.13 shows the averages calculated for samples aged 3 weeks for the 
comparison of the vacuum oven method (+) and the conventional method (–). For 
cardboard, office paper and thermal paper, the average UC rating had negative values, 
with the averages ranging from -1.88 for cardboard to -1.19 for thermal paper. From 
these results, it can be said that the conventional method produced fingermarks with 
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greater ridge detail and/or development contrast compared to the vacuum oven 
method on cardboard, office paper and thermal paper. The magazine paper had an 
average UC value of 0, indicating that, on average, there was no significant difference 
between the corresponding half-impressions developed with each method. The 
average score of 0 was contributed to by having 15 out of 48 scores for this 
comparison being 0:NR and 12 out of 48 scores being 0:ND (Figure 4.14, the raw 
data can be found in Appendix 4). Most of these 0:NR values were due to heavy ink 
on the magazine paper quenching the luminescence (see Chapter 4, 4.2 Conventional 
Indanedione-Zinc Treatment compared to Dry-Transfer Indanedione Method for more 
information).  
 
Figure 4.13. Average UC scores across substrates for 3-week-old fingermarks when comparing 
the vacuum oven method (+) to the conventional method (-) with 0:NR excluded. 
 
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
1.5
2
Cardboard Mag paper Office Paper Thermal Paper
-
C
o
n
v
e
n
ti
o
n
a
l 
M
e
th
o
d
   
   
   
 +
V
a
cu
u
m
 M
e
th
o
d
3 week Vacuum Oven and Conventional 
Comparison: Average UC Scores
Chapter 4: Comparison of Indanedione Application Methods 
  
 
 70 
 
Figure 4.14 Frequency of each score across substrates for 3-week-old fingermarks when 
comparing the vacuum oven method (+) to the conventional method (-). 
 
 
Figure 4.15 depicts the averages calculated for samples aged 23 weeks for the 
comparison of the vacuum oven method and the conventional method. For each 
substrate, the average UC rating had negative values, with the averages ranging 
from -1.30 for glossy magazine paper to -1.96 for cardboard and office paper. These 
results indicate that the conventional method produced fingermarks with greater ridge 
detail and/or development contrast compared to the vacuum oven method across all 
substrates. A reasonably high number of 0:NR values were obtained on magazine 
paper and thermal paper (Figure 4.16). 
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Figure 4.15. Average UC scores across substrates for 23-week-old fingermarks when comparing 
the vacuum oven method (+) to the conventional method (-) with 0:NR excluded. 
 
 
Figure 4.16. Frequency of each score across substrates for 23-week-old fingermarks when 
comparing the vacuum oven method (+) to the conventional method (-). 
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Table 4.1. Temperature and relative humidity data inside the laboratory for when fingermarks 
were deposited for each age category. 
 
Overall, the conventional method performed better on all substrates than the vacuum 
oven method across 3- and 23-week samples. However, the vacuum oven method 
produced good results on the magazine paper at 3 weeks. As previously mentioned, 
these results were hypothesised to have occurred due to the semi-porous nature of the 
magazine paper.  
 
4.5 Effects of Fingermark Ageing 
The average temperature and relative humidity over the days when fingermark 
deposition occurred were recorded using a data logger within the laboratory (Table 
4.1). There were no significant variations in the relative humidity on the days of 
deposition for each age range. However, the temperatures for the 3-week fingermarks 
and the 49-week fingermarks are significantly lower than the temperatures for the 23-
week and 27-week deposition dates. It is important to note that there is no significant 
difference in temperatures between weeks 23 and 27. The higher temperatures on the 
deposition dates of the 23 and 27-week-old fingermarks would mean that in general 
the donors would produce more sweat on their hands on these days. It is likely that 
fingermarks deposited on these days would be better than fingermarks deposited for 
the 3 and 49-week fingermarks.  
The average temperature, minimum and maximum temperatures for the duration of 
this study (2nd September 2016 – 5th October 2017) can be seen in Table 4.2. The 
temperature and relative humidity data for the duration of this study can be found in 
Appendix 2. 
 
 
Age of 
Fingermarks 
Date Fingermarks 
were deposited 
Average 
Temperature (°C) 
Relative 
Humidity % 
3 weeks 25th July 2017 15°C 52% 
23 weeks 31st January 2017 25°C 56% 
27 weeks 19th January 2017 24°C 59% 
49 weeks 2nd September 2016 19°C 59% 
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Table 4.2. Temperature and relative humidity range and averages for the duration of the study 
(2nd September 2016 – 5th October 2017). 
Table 4.3. Frequency of scores from all age comparisons between conventional treatment (+) 
and dry-transfer treatment (-). 
 
The 3-week, 23-week, 27-week and 49-week results follow a very similar trend, with 
the conventional method outperforming the dry-transfer method with the exception of 
the magazine paper and office paper at 27 weeks (Figure 4.17). Given that the 23- and 
27-week samples were developed closely together, it was originally thought that the 
results from these age categories would have the highest correlation. As seen in Table 
4.3, the 27-week samples had a large frequency of 0:ND across all substrates, and the 
magazine paper also had a large number of 0:NR values (Table 4.3). The difference 
seen with the office paper at 23 and 27 weeks appears to be due to the frequency of 
the 0:ND values increasing at 27 weeks.  
Not one of the identified climate variables account for the differences seen between 
the 23- and 27-week results; however, if more donors were employed and more 
replicates performed then this difference may have been less significant. Considering 
that this study employed natural fingermarks, this variance could potentially be 
avoided if donors were asked to wash their hands and not touch anything half an hour 
prior to deposition.  However, this would not replicate fingermarks that would be 
encountered in actual casework. The variability observed in the results may simply be 
a reflection of the variability that would be expected with natural fingermarks given 
that there is no control over the composition of the resulting deposits.  
 
 Temperature Relative Humidity 
Average 19.6°C 57.8% 
Minimum 10.5°C 43.4% 
Maximum 27.9°C 68.3% 
UC Score 3 week 23 week 27 week 49 week 
2 90 91 49 88 
1 47 37 27 36 
0:ND 13 28 66 19 
0:NR 42 26 24 46 
-1 0 7 22 3 
-2 0 3 4 0 
Total 192 192 192 192 
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Figure 4.17 Average UC scores across substrates for all age ranges when comparing the 
conventional method (+) to the dry-transfer method (-) with 0:NR values excluded. 
When comparing the vacuum oven and dry-transfer methods, no luminescent 
fingermarks were produced on cardboard at 3 weeks, accounting for 48 of the 101 
0:NR values seen in Table 4.4, therefore resulting in no average value being recorded 
for this substrate at this ageing period. Figure 4.18 depicts the dramatic difference 
between the 3-week and 23-week results, specifically with respect to the magazine 
and thermal paper averages. At 3 weeks, the average UC score for magazine paper 
was 1.74 and thermal paper had an average of 1.31, indicating that the vacuum 
method was performing better on these substrates than the dry-transfer method. 
Representative examples are shown in Figure 4.19 A & B. However, at 23 weeks, the 
average UC scores for magazine paper and thermal paper were -0.82 and -0.76, 
respectively, inferring the opposite of what was seen at 3 weeks. Representative 
examples are shown in Figures 4.19 C and 4.20. As previously mentioned, these 
results were hypothesised to have occurred due to the semi-porous nature of these 
substrates.  
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Table 4.4. Frequency of scores from 3-week and 23-week comparisons of the vacuum method 
(+) and dry-transfer method (-). 
Figure 4.18. Average UC scores across substrates for 3-week and 23-week-old fingermarks when 
comparing the vacuum oven method (+) to the dry-transfer method (-) with 0:NR values excluded. 
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Chapter 4: Comparison of Indanedione Application Methods 
  
 
 76 
Figure 4.19. A: 3-week-old fingermarks on glossy magazine paper developed under (right) 
vacuum conditions and (left) the dry-transfer method. The vacuum side was significantly better 
with a UC score of +2. Imaged directly after heating. B: 3-week-old fingermarks on thermal paper 
developed under (right) vacuum conditions and (left) the dry-transfer method. The vacuum side 
was significantly better with a UC score of +2. Imaged directly after heating. C: 23-week-old 
fingermarks on thermal paper developed under (right) dry-transfer method and (left) vacuum 
conditions. The dry-transfer side was marginally better with a UC score of -1. Imaged directly after 
heating. 
 
Figure 4.20. 23-week-old fingermarks on glossy magazine paper developed under 
(right) vacuum conditions and (left) dry-transfer method. The dry-transfer side was 
significantly better with a UC score of -2. Imaged directly after heating. 
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The 3-week and 23-week comparisons made between the vacuum oven method and 
the conventional method follow the same trend across substrates, indicating that the 
conventional method outperformed the vacuum oven method, except for the magazine 
paper at 3 weeks (Figure 4.21 and Table 4.5). 
The magazine paper at 3 weeks had an average UC score of 0, indicating that, on 
average, there was no significant difference between corresponding half-impressions 
(see, for example, Figure 4.22). The set of data that this average was calculated from 
consisted of 15 0:NR values, which were excluded leaving 33 data points. Of the 33 
data points left, 12 of those values were 0:ND (Table 4.7). Whilst not as dramatic, this 
could be due to the above-mentioned hypothesis where the vacuum indanedione 
method is performing better with residues on the surface of the substrate (i.e., in this 
case, the fresher fingermarks on the magazine paper).    
 
Figure 4.21. Average of UC scores across substrates for 3 week and 23week old fingermarks 
when comparing the vacuum oven method (+) to the conventional method (-) with 0:NR excluded. 
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Figure 4.22. 3-week-old fingermark on glossy 
magazine paper developed under (right) 
vacuum conditions and (left) by conventional 
treatment. A UC score of 0 was recorded (no 
significant difference between the methods). 
Imaged directly after heating. 
 
Table 4.5. Frequency of scores from 3-week and 23-week comparisons of the vacuum method 
(+) and the conventional method (-). 
 
 
 
 
 
 
 
 
 
 
 
 
UC Score 3 week 23 week 
2 4 0 
1 3 1 
0:ND 18 3 
0:NR 28 31 
-1 44 16 
-2 95 141 
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4.6 Donor factors 
The fingermark donors were randomly selected to represent the general population, 
therefore not based on the quality of fingermark they could produce. However, after 
extensive experimentation, we were able to distinguish which donors would provide 
better fingermarks (Table 4.6). Through these experiments, it became apparent that 
both inter-donor variability (variation between donors) and intra-donor variability 
(variation from the same donor) were present within this study. 
Intra-donor variability presented itself specifically in the case of the 23- and 27-week 
conventional and dry-transfer comparison fingermarks (Figure 4.17). Intra-donor 
variability is not controllable when using natural fingermark deposits, as a donor 
could start using a new cosmetic or touch something particularly greasy, causing one 
set of fingermarks to perform differently to another. This highlights the need for more 
donors and more replicates to be used in particular IFRG “Phase 2: Optimisation and 
Comparison” studies such as the one presented here. To minimise the effect of intra-
donor variability, it would be possible to only use fingermarks of recently washed 
hands; however, it is less likely to find these types of fingermarks within real 
casework.  
Table 4.6. Fingermark quality produced by donors. 
Donor Typical Fingermark Quality  
Donor 1 Strong 
Donor 2 Weak 
Donor 3 Average 
Donor 4 Average 
Donor 5 Weak 
Donor 6 Weak 
 
When comparing donors based on the average scores across all methods (Figures 4.23 
to 4.28), some generalisations can be made in terms of trends that are common 
between donors for the same age category. The three method comparisons conducted 
were averaged across 3-week and 23-week samples; however, the 27-week and 49-
week averages are only from the conventional and dry-transfer comparison. 
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Therefore, donor variability was considered in relation to this latter comparison so 
that all four age categories would be included. 
Donors 1 and 5 showed a similar trend for the 49-week average UC scores, where 
both donors had an average of 2 for thermal paper, followed by a high score for 
cardboard with the average dropping for magazine paper and furthermore for office 
paper (Figures 4.23 and 4.27). Donors 3 and 4 presented a similar trend for the 23-
week average UC scores with nearly identical UC averages for cardboard, thermal 
paper and magazine paper. The 49-week average UC scores for donors 3 and 4 also 
presented similarities with the conventional method working better on cardboard, 
office paper and thermal paper than magazine paper (Figures 4.25 and 4.26). Donors 
2 and 6 produced a similar trend in average UC scores for the 27-week samples where 
the only negative average was assigned to magazine paper (Figure 4.24 and 4.28). 
These trends were the only similarities between donors; otherwise, there was 
significant inter-donor variability across the results. This is to be expected and it is 
justification for using as large a donor pool as is possible within the constraints of a 
research project of this nature. 
Figure 4.23. UC average scores across the three comparisons (Conventional + and Dry-transfer -, 
Vacuum + and Dry-transfer -, Vacuum + and Conventional -) for donor 1 with 0:NR excluded. 
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Figure 4.24. UC average scores across the three comparisons (Conventional + and Dry-transfer -, 
Vacuum + and Dry-transfer -, Vacuum + and Conventional -) for donor 2 with 0:NR excluded. 
Figure 4.25. UC average scores across the three comparisons (Conventional + and Dry-transfer -, 
Vacuum + and Dry-transfer -, Vacuum + and Conventional -) for donor 3 with 0:NR excluded. 
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Figure 4.26. UC average scores across the three comparisons (Conventional + and Dry-transfer -, 
Vacuum + and Dry-transfer -, Vacuum + and Conventional -) for donor 4 with 0:NR excluded. 
Figure 4.27. UC average scores across the three comparisons (Conventional + and Dry-transfer -, 
Vacuum + and Dry-transfer -, Vacuum + and Conventional -) for donor 5 with 0:NR excluded. 
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Table 4.7. Frequency of 0:NR scores from all fingermark age categories and methods. 
Figure 4.28. UC average scores across the three comparisons (Conventional + and Dry-transfer -, 
Vacuum + and Dry-transfer -, Vacuum + and Conventional -) for donor 6 with 0:NR excluded. 
 
Donors 2, 5 and 6 produced the highest frequency of 0:NR values across all methods 
(Figure 4.29; Table 4.7), indicating their propensity to deposit weak fingermarks. The 
strongest fingermark donor, Donor 1, produced the least number of 0:NR values 
across the study (Figure 4.29; Table 4.7). 
 
 
-2
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1
1.5
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3 week 23 week 27 week 49 week
Donor 6
Cardboard
Mag Paper
Office Paper
Thermal Paper
 Donor 1 Donor 2 Donor 3 Donor 4  Donor 5 Donor 6 
3 week  13 55 16 18 43 28 
23 week 6 12 17 14 34 23 
27 week 3 3 3 3 6 6 
49 week 1 3 2 4 9 26 
Total 23 73 38 39 92 83 
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Figure 4.29. Frequency of 0:NR scores across all fingermark age categories and methods. 
 
4.7 General Observations  
 
Magazine paper proved to be a problematic substrate across all methods as the 
production of luminescent fingermarks was highly dependent on the background 
printing, with dark printing inhibiting fingermark luminescence. This created 
considerable variablilty within the results for this substrate. Another problem 
encountered was that heavily printed areas casued significant bubbling of the paper 
after the conventional method was used and heat was applied (Figure 4.30).   
The less effective dry-transfer and vacuum development methods were largely 
unsuccessful on cardboard, with the conventional method nearly always producing 
better fingermark development on this substrate. 
With regards to the vacuum method and the 3-week-old fingermarks in particular, the 
indication is that this development method may be more suited to semi-porous 
substrates rather than porous materials such as office paper and cardboard.  
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Figure 4.30. Example of the bubbling that can occur on glossy magazine paper after the 
conventional treatment and the application of heat. This is pronounced on the heavily printed areas 
in particular. 
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Figure 5.1. Fingermark on a white ceramic tile aged for a minimum of 1 h 
and then developed with indanedione in the vacuum oven using the 
following conditions: 50°C for 1 h, 100°C for 30 min and then 150°C for a 
further 30 min. Imaged directly after treatment. 
 
5.1 Non-porous Surfaces 
 
During the early development of the ‘optimised’ vacuum oven method, non-porous 
surfaces were trialed using the first method that developed luminescent fingermarks. 
Fingermarks aged for a minimum of 1 h from two donors were deposited onto a white 
ceramic tile that was placed in the vacuum oven with 0.1 g of indanedione, which was 
heated at 50°C for 1 h, 100°C for 30 min and then 150°C for a further 30 min. This 
temperature-ramp method produced luminescent fingermarks on the white ceramic 
tile (Figure 5.1). Indanedione has not been known to produce luminescent 
fingermarks on non-porous surfaces prior to this result.  
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Fingermarks on a white ceramic tile, glass vial and aluminum foil were placed in the 
vacuum oven with 0.1 g of indanedione and the oven heated at 50°C for 1 h; however, 
no luminescent fingermarks were produced. It was thought that an increase in 
temperature may be necessary. Fingermarks on a white ceramic tile were placed in the 
vacuum oven with 0.1 g indanedione and heated to 75°C for 1 h and faint fingermark 
luminescence was produced, although not as luminescent as for the initial trial using 
the temperature-ramp method. Consequently, the remaining trials on non-porous 
substrates were conducted using this temperature-ramp method. 
 
Fingermarks deposited on a variety of non-porous materials – including a white 
ceramic tile, aluminum foil, a glass microscope slide, and a plastic zip lock bag 
(polyethylene) – were placed into the vacuum oven with 0.1 g of indanedione, which 
was heated to 50°C for 1 h, 100°C for 30 min and then 150°C for a further 30 min. 
This produced faint luminescence on the white ceramic tile and on the aluminum foil 
directly after treatment (Figure 5.2). The fingermarks on the glass microscope slide 
did not appear to be luminescent and it was hard to image these marks due to 
background interference in the recorded images. Some melting of the polyethylene 
bag was apparent and no luminescent fingermarks were detected on this substrate. 
[Note that the melting point of polyethylene is generally in the range of 110-130°C 
(Sasol, 2015)]. As these experiments were preliminary in nature no direct 
comparisons were conducted across experiments and no comparisons were made 
between this method and other detection methods. 
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Figure 5.2. Fingermarks on aluminium foil aged for a minimum of 1 h and then developed with 
indanedione in the vacuum oven using the following conditions: 50°C for 1 h, 100°C for 30 min 
and then 150°C for a further 30 min. Imaged directly after treatment. 
 
 
5.2 Polymer Banknotes 
 
Due to the vacuum indanedione method working well on the 3-week-old fingermarks 
on the semi-porous surfaces, fingermarks on Australian polymer banknotes were 
trialed using the same method. As these experiments were only preliminary in nature, 
no direct comparisons across experiments or against other detection methods were 
conducted. 
 
Fingermarks aged for a minimum of 1 h from two donors were deposited onto a $5 
Australian polymer banknote (circulated September 2016) that was then treated in the 
vacuum oven with 0.1 g of indanedione; the oven was heated at 50°C for 5 min, 
however no luminescent fingermarks were produced when imaged directly after 
treatment. It was thought that the treatment time may need to be increased. The 
following trial was 50°C for 1 h where an extremely faint fingermark was seen on the 
clear plastic portion of the note directly after treatment (Figure 5.3). 
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Figure 5.3. Extremely faint fingermark on Australian polymer banknote aged 
for a minimum of 1 h and then developed with indanedione in the vacuum oven 
using the following conditions: 50°C for 1 h. Imaged directly after treatment. 
 
After the production of an extremely faint fingermark, a temperature-ramp approach 
was applied for the next experiment, where the note was placed in the oven with 0.1 g 
of indanedione which was heated to 50°C for 1 h and then a further 30 min at 100°C. 
This resulted in another extremely faint fingermark on the plastic window of the note 
(Figure 5.4). 
 
The notes that had been subjected to the above treatments were allowed to develop 
under ambient conditions for 72 h before re-imaging. When both notes were re-
imaged, the developed marks were more visibly luminescent and fingermarks that 
were not previously seen on the coloured portion of the banknote were now 
luminescent as seen in Figures 5.5 to 5.7.  
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Figure 5.4. Extremely faint fingermark on Australian polymer banknote aged 
for a minimum of 1 h and then developed with indanedione in the vacuum 
oven using the following conditions: 50°C for 1 h then 100°C for 30 min. 
Imaged directly after treatment. 
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Figure 5.5. Same fingermark as seen in Figure 5.3 imaged after 72 h 
development under ambient conditions. Fingermark on Australian polymer 
banknote aged for a minimum of 1 h and then developed with indanedione in the 
vacuum oven using the following conditions: 50°C for 1 h. 
 
Figure 5.6. Fingermarks on Australian polymer banknote aged for a 
minimum of 1 h and then developed with indanedione in the vacuum oven 
using the following conditions: 50°C for 1 h then 100°C for 30 min. 
Fingermarks were not visible directly after treatment, however after 72 h 
development under ambient conditions they are now visible. 
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Figure 5.7. Same fingermark as seen in Figure 5.4 imaged after 72 h 
development under ambient conditions. Fingermark on Australian polymer 
banknote aged for a minimum of 1 h and then developed with indanedione in 
the vacuum oven using the following conditions: 50°C for 1 h then 100°C for 
30 min.  
 
 
 
 
 
 
 
 
After the production of faint luminescent fingermarks on polymer banknotes using the 
vacuum indanedione method, polymer banknotes were selected as a substrate for 
further proof-of-concept experiments that involved co-fuming indanedione and 
cyanoacrylate as described below in the next section. 
 
5.3 Co-fuming Indanedione and Cyanoacrylate  
 
Fingermarks from two donors, deposited onto a number of non-porous and semi-
porous substrates and aged for a minimum of 1 h, were employed during these proof-
of-concept trials. The substrates included a white ceramic tile, aluminum foil, a glass 
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Figure 5.8. Fingermark on aluminum foil aged for a minimum of 1 h and then developed in the 
vacuum oven by co-fuming 0.1 g indanedione and 10 drops cyanoacrylate (40°C) for 5 min at 
50°C. Imaged directly after treatment. 
 
microscope slide, thermal paper, glossy magazine paper, and a $5 Australian polymer 
banknote (circulated September 2016). An amount of 10 drops of cyanoacrylate was 
deemed enough cyanoacrylate for each experiment due to the limited size of the 
vacuum oven. As these experiments were only preliminary in nature, no direct 
comparisons were conducted across experiments or with other detection methods. 
 
Considering that 0.1 g of indanedione in the vacuum oven heated at 50°C for 5 min 
was sufficient to deposit indanedione on porous substrates, these conditions were 
trialed with the addition of 10 drops of cyanoacrylate in a 50-mL quickfit conical 
flask attached to the external inlet valve to the oven. This conical flask was placed in 
a water bath at a temperature of 40°C to assist in vaporising the cyanoacrylate when 
the inlet valve to the oven was opened. An average of 2 mg of cyanoacrylate was 
being lost per cycle at this temperature. After the treatment, cyanoacrylate deposition 
was visually observed on the non-porous substrates prior to imaging. This method 
produced luminescent fingermarks directly after treatment on all substrates apart from 
the Australian polymer banknote and the glossy magazine paper (Figures 5.8 to 5.10).  
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Figure 5.10. Fingermark on white ceramic tile aged for a minimum of 1 h and then developed in 
the vacuum oven by co-fuming 0.1 g indanedione and 10 drops cyanoacrylate (40°C) for 5 min at 
50°C. Imaged directly after treatment. 
 
 
Figure 5.9. Fingermark on thermal paper aged for a minimum of 1 h and then developed in the 
vacuum oven by co-fuming 0.1 g indanedione and 10 drops cyanoacrylate (40°C) for 5 min at 
50°C. Imaged directly after treatment. 
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However, when the treated set of substrates was left under ambient conditions for 72 
h, the luminescence of the developed fingermarks significantly increased (Figures 
5.11 and 5.12). In comparison to the results from directly after treatment, where no 
fingermarks were observed on the magazine paper, luminescent fingermarks were 
visible after further development over 72 h under ambient conditions (Figure 5.13). 
 
 
Figure 5.11. Same fingermarks as seen in Figure 5.9. imaged after 72 h development under 
ambient conditions. Fingermark on thermal paper aged for a minimum of 1 h and then developed 
in the vacuum oven by co-fuming 0.1 g indanedione and 10 drops cyanoacrylate (40°C) for 5 min 
at 50°C. 
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Figure 5.12. Fingermarks on aluminum foil aged for a minimum of 1 h and then developed in the 
vacuum oven by co-fuming 0.1 g indanedione and 10 drops cyanoacrylate (40°C) for 5 min at 
50°C. Imaged after 72 h development under ambient conditions. 
 
 
Figure 5.13. Fingermarks on glossy magazine paper aged for a minimum of 1 h and then 
developed in the vacuum oven by co-fuming 0.1 g indanedione and 10 drops cyanoacrylate (40°C) 
for 5 min at 50°C. Imaged after 72 h development under ambient conditions. 
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Having achieved luminescent fingermarks on most substrates, the treatment time was 
increased from 5 min to 30 min with an aim to produce luminescent fingermarks on 
the polymer banknote and on the magazine paper directly after treatment. However, 
this was not achieved; directly after treatment, no luminescent fingermarks were 
visible on the magazine paper or on the polymer banknote. After 72 h under ambient 
conditions, the magazine paper presented luminescent fingermarks but no luminescent 
fingermarks were observed on the polymer banknote. This method did result in 
luminescent fingermarks on the other substrates (Figure 5.14), although some 
appeared less luminescent in the case of the white ceramic tile and aluminum foil 
(however, no direct comparisons were made) (Figures 5.15 and 5.16). Again, 
allowing the treated samples to further develop for 72 h under ambient conditions 
resulted in increased fingermark luminescence (Figures 5.17 to 5.20). 
 
 
Figure 5.14. Fingermarks on thermal paper aged for a minimum of 1 h and then developed in the 
vacuum oven by co-fuming 0.1 g indanedione and 10 drops cyanoacrylate (40°C) for 30 min at 
50°C. Imaged directly after treatment. 
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Figure 5.16. Fingermark on aluminum foil aged for a minimum of 1 h and then 
developed in the vacuum oven by co-fuming 0.1 g indanedione and 10 drops 
cyanoacrylate (40°C) for 30 min at 50°C. Imaged directly after treatment. 
 
 
Figure 5.15. Fingermarks on a white ceramic tile aged for a minimum of 1 h and then developed 
in the vacuum oven by co-fuming 0.1 g indanedione and 10 drops cyanoacrylate (40°C) for 30 
min at 50°C. Imaged directly after treatment. 
 
 
Chapter 5: Proof-of-Concept Experiments 
      
 
 100 
Figure 5.18. Fingermarks on glossy magazine paper aged for a minimum of 1 h and then 
developed in the vacuum oven by co-fuming 0.1 g indanedione and 10 drops cyanoacrylate (40°C) 
for 30 min at 50°C. Imaged after 72 h development under ambient conditions. 
 
 
Figure 5.17. Fingermarks on aluminum foil aged for a minimum of 1 h and then developed in the 
vacuum oven by co-fuming 0.1 g indanedione and 10 drops cyanoacrylate (40°C) for 30 min at 
50°C. Imaged after 72 h development under ambient conditions. 
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Figure 5.20. Same fingermark as seen in Figure 5.15 imaged after 72 h development under 
ambient conditions. Fingermarks on a white ceramic tile aged for a minimum of 1 h and then 
developed in the vacuum oven by co-fuming 0.1 g indanedione and 10 drops cyanoacrylate 
(40°C) for 30 min at 50°C.  
 
 
Figure 5.19. Fingermarks on thermal paper aged for a minimum of 1 h and then developed in the 
vacuum oven by co-fuming 0.1 g indanedione and 10 drops cyanoacrylate (40°C) for 30 min at 
50°C. Imaged after 72 h development under ambient conditions. 
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The substrates that were treated for 30 min at 50°C and allowed to develop under 
ambient conditions for 72 h were subsequently stained using Rhodamine 6G and 
Basic Yellow 40 to potentially increase the luminescence of the fingermarks by 
staining the deposited polycyanoacrylate. However, these stains were not successful 
on the semi-porous substrates, including the polymer banknote; the entire substrate 
became luminescent as seen in Figure 5.21. The luminescence of fingermarks on the 
non-porous substrates, such as the white ceramic tile and aluminum foil, increased 
after staining, but the staining also increased the background luminescence (Figures 
5.22 and 5.23). The improved luminescence produced by the staining is indirect 
confirmation that cyanoacrylate development had occurred on these substrates. 
 
 
Figure 5.21. Fingermark on Australian polymer banknote aged for a minimum of 1 h and then 
developed in the vacuum oven by co-fuming 0.1 g indanedione and 10 drops cyanoacrylate (40°C) 
for 30 min at 50°C. Imaged after 72 h development under ambient conditions and Basic Yellow 
40 staining.   
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Figure 5.23. Same fingermarks as seen in Figure 5.20 imaged after 72 h development under 
ambient conditions and Rhodamine 6G staining. Fingermarks on a white ceramic tile aged for a 
minimum of 1 h and then developed in the vacuum oven by co-fuming 0.1 g indanedione and 10 
drops cyanoacrylate (40°C) for 30 min at 50°C.  
 
 
Figure 5.22. Fingermarks on aluminum foil aged for a minimum of 1 h and then developed in the 
vacuum oven by co-fuming 0.1 g indanedione and 10 drops cyanoacrylate (40°C) for 30 min at 
50°C. Imaged after 72 h development under ambient conditions and Rhodamine 6G staining.   
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The vacuum oven treatment time was further extended to 1 h at 50°C; directly after 
treatment under these conditions, there were barely any luminescent fingermarks 
found on any of substrates. After further development under ambient conditions for 
72 h, fingermarks were luminescent on all substrates (foil, tile, glass microscope slide, 
magazine paper and thermal paper) except for the polymer banknote (see, for 
example, Figure 5.24).  
 
 
Figure 5.24. Fingermark on aluminum foil aged for a minimum of 1 h and then developed in the 
vacuum oven by co-fuming 0.1 g indanedione and 10 drops cyanoacrylate (40°C) for 1 h at 50°C. 
Fingermarks imaged after 72 h development under ambient conditions. 
 
A final experiment was conducted where the water bath surrounding the quickfit 
conical flask containing the cyanoacrylate was increased in temperature from 40°C to 
82°C to help improve the vaporisation of this reagent. This resulted in more 
cyanoacrylate being lost over the treatment period, from an average of 2 mg per cycle 
to an average of 7 mg. Again, no luminescent fingermarks were obvious directly after 
treatment on the magazine paper or on the polymer banknote; however, all other 
substrates produced luminescent fingermarks (Figures 5.25 to 5.28). After 
development under ambient conditions for 72 h, the fingermarks on the thermal paper 
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became visually pink and the fingermark luminescence increased on all substrates 
except for the polymer banknote (Figure 5.29 and 5.30).  
 
Considering small amounts of cyanoacrylate (2 mg & 7 mg) were lost of average 
during these experiments, the remaining cyanoacrylate after co-fuming was still liquid 
cyanoacrylate. Although not tested, this could potentially lead to re-using the original 
10 drops of cyanoacrylate for multiple co-fuming treatments.  
 
Unfortunately, the above co-fuming experiments produced no luminescent 
fingermarks on the polymer banknotes. This should be further investigated in future 
work given the encouraging results seen on the other substrates (see Chapter 6 
Conclusions, Limitations & Recommendations for Future Work). 
 
 
Figure 5.25. Fingermarks on aluminum foil aged for a minimum of 1 h and then developed in the 
vacuum oven by co-fuming 0.1 g indanedione and 10 drops cyanoacrylate (82°C) for 5 min at 
50°C. Imaged directly after treatment. 
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Figure 5.27. Fingermarks on thermal paper aged for a minimum of 1 h and then developed in the 
vacuum oven by co-fuming 0.1 g indanedione and 10 drops cyanoacrylate (82°C) for 5 min at 
50°C. Imaged directly after treatment. 
 
 
Figure 5.26. Fingermarks on glass microscope slide aged for a minimum of 1 h and then 
developed in the vacuum oven by co-fuming 0.1 g indanedione and 10 drops cyanoacrylate (82°C) 
for 5 min at 50°C. Imaged directly after treatment. 
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Figure 5.29. Same fingermarks as seen in Figure 5.25 imaged after 72 h development under 
ambient conditions. Fingermark on aluminum foil aged for a minimum of 1 h and then 
developed in the vacuum oven by co-fuming 0.1 g indanedione and 10 drops cyanoacrylate 
(82°C) for 5 min at 50°C. 
 
 
Figure 5.28. Fingermarks on a white ceramic tile aged for a minimum of 1 h and then developed 
in the vacuum oven by co-fuming 0.1 g indanedione and 10 drops cyanoacrylate (82°C) for 5 min 
at 50°C. Imaged directly after treatment.  
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Figure 5.30. Fingermarks on glossy magazine paper aged for a minimum of 1 h and then 
developed in the vacuum oven by co-fuming 0.1 g indanedione and 10 drops cyanoacrylate (82°C) 
for 5 min at 50°C. Imaged after 72 h development under ambient conditions. 
 
  
 
Chapter 6: 
Conclusions, 
Limitations & 
Recommendations 
for Future Work 
  
Chapter 6: Conclusions, Limitations & Recommendations for Future Work 
      
 
 110 
 6.1 Conclusions  
 
In this study, extensive trials were undertaken to evaluate indanedione application 
methods for fingermark detection on four common paper substrates. The methods 
considered were the conventional solvent-based treatment, vacuum development 
(using a vacuum oven and an unheated vacuum chamber) and dry-transfer. The 
vacuum chamber method was subsequently removed from the comparisons due to the 
lack of adequate fingermark development and other operational problems encountered 
(as discussed in Chapter 3: Vacuum Method Development). The latent fingermarks 
employed in the study – from six donors (3 male and 3 female) – were aged for 
periods of 3 weeks, 23 weeks, 27 weeks and 49 weeks prior to development. The 
vacuum oven method was not conducted on the 27- and 49-week samples as the 
results from the 3- and 23-week samples showed that the conventional method was 
superior. The dry-transfer method also outperformed the vacuum oven method for 
samples aged 23 weeks.  
Variability occurred with the samples aged for 23 and 27 weeks when comparing the 
conventional method to the dry-transfer method. The observed difference in average 
UC scores between the two age groups could not be attributed to any specific 
variable. To minimise this variability in future work, more donors could be employed 
as well as increasing the number of replicates for each donor. The donors could have 
also washed their hands and not use their hands prior to deposition; however, this 
would not replicate casework. However, these variations may indicate the dry-transfer 
method requires more development/optimisation prior to a thorough comparison is 
conducted with the conventional method. 
Both the conventional and dry-transfer methods are relatively easy to apply and 
produce good results (with the exception of cardboard), although the conventional 
method – unlike the dry-transfer method – does not lend itself to portability. Both 
methods require a similar amount of time to produce results; however, based on this 
preliminary work, it could be said that the conventional method is much more 
effective for fingermark detection both in terms of colouration and luminescence. The 
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dry-transfer methods produced superior results on the 23-week samples in comparison 
to the vacuum method.  
The vacuum oven method performed well for 3-week-old fingermark samples on 
magazine paper and thermal paper in comparison to the dry-transfer method. This is 
likely to have occurred due to the semi-porous nature of these substrates. These 
favourable results led to the proof-of-concept work conducted on polymer banknotes 
(a semi-porous substrate) and several non-porous substrates. The vacuum oven 
method on non-porous surfaces produced some encouraging results and certainly 
shows promise for future work. It was shown that luminescent fingermarks could be 
developed on aluminium foil and white ceramic tiles. To our knowledge, indanedione 
development of this nature on non-porous surfaces has not been previously reported. 
Unfortunately, on polymer banknotes, the results were unsatisfactory.  
The additional proof-of-concept work involving co-fuming indanedione and 
cyanoacrylate was also successful in producing luminescent fingermarks on all 
substrates employed - white ceramic tile, aluminium foil, a glass microscope slide, 
thermal paper, glossy magazine paper, and polymer banknotes – with the exception of 
polymer banknotes.  
In comparison to the prototype vacuum development system purpose-built by 
Swofford et al. (2012), the vacuum oven used in this study is commercially available; 
therefore, it is likely to be less expensive and more accessible to other research 
groups. Focusing on our first aim ‘Can a simplified vacuum system be adapted for the 
application of indanedione and produce similar results as reported by Swofford et al. 
(2012)?’ this research has proven that a simplified commercial vacuum oven system 
can be adapted for the application of indanedione for fingermark detection on porous, 
semi-porous and non-porous surfaces. However, the results were mediocre compared 
to those reported by Swofford et al. (2012). This suggests that a “special-purpose” 
system of the nature described by these researchers may be necessary. 
 
Addressing our second aim ‘Do indanedione dry-transfer and vacuum development 
methods produce marks of the same quality as the conventional indanedione-zinc 
method?’. The results overall concluded that the conventional method outperformed 
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both of these alternate methods; however, fingermarks of the same quality were 
produced in some cases. 
Our third aim ‘Is the development of fingermarks on certain paper substrates such as 
thermal paper better using solvent-less methods compared to conventional methods?’ 
was addressed with the results demonstrating that the conventional indanedione 
method (adapted for use on thermal paper) was better overall. However, the glossy 
magazine paper and thermal paper at 3 weeks produced, on average, better 
fingermarks using the vacuum oven method over the conventional method, without 
having to prepare a thermal paper specific solution. 
Addressing our fourth aim, ‘What are the advantages and disadvantages of 
indanedione development under vacuum or by dry-transfer,’ there were several 
advantages and disadvantages with indanedione development under vacuum or by 
dry-transfer. The dry-transfer method does not require solvents at the time of use and 
the indanedione-soaked paper can be prepared and stored prior to use, but fingermarks 
of the same quality as the conventional method are not always achieved. The vacuum 
oven method does not use chemical solvents that are required in the conventional 
processing, such as ethyl acetate, glacial acetic acid, ethanol and HFE-7100, therefore 
reducing costs in this respect. These chemicals have the potential to be hazardous to 
both the individual conducting the experiments and the environment, therefore 
requiring special waste and handling considerations (Swofford et al., 2012). As the 
vacuum method is solvent-less, it supports the “green chemistry” trend however the 
use of energy is higher.  The vacuum oven method would have a high initial setup 
cost, purchasing both the vacuum oven and the pumping system. However a more 
complicated system as suggested by Swofford et al., 2012 is required for optimum 
results the setup costs would be even higher. The vacuum oven method has a very 
small per-cycle cost given the small amount of indanedione that is used and the ability 
to recycle the remaining indanedione for subsequent treatment cycles. However, in 
this preliminary study, no viable method was identified to introduce zinc(II) into the 
treatment chamber. It is known that zinc(II) has a catalytic effect with respect to 
directing the indanedione reaction towards the desired reaction product. If zinc(II) 
could be introduced within the vacuum oven during the processing, a more in-depth 
study could be performed in comparison to the conventional indanedione-zinc 
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treatment. If the vacuum method could be optimized in this fashion then there is the 
potential to provide a safer more environmentally friendly and perhaps transportable 
method for operational use. The vacuum oven method is less labour-intensive than the 
conventional method; however, the vacuum oven method as applied in this study 
lacked the presence of a zinc(II) catalyst and requires more time than the conventional 
method. In addition, it was observed that the treated fingermarks were not fully 
developed by the vacuum treatment and further development – in a heat press or at 
room temperature for 72 h – was generally required to obtain satisfactory results. As 
previously mentioned the vacuum method was also successful on a range of non-
porous surfaces, as well as the ability to adapt to a co-fuming method with 
cyanoacrylate. 
6.2 Limitations 
With reference to the IFRG Guidelines (IFRG, 2014), this project was a mixture of 
“Phase 1: Pilot Study” and “Phase 2: Optimisation and Comparison”. One major 
limitation was the limited time period available. A more extended study could have 
employed additional donors with more replicates, producing a larger amount of data 
from which to draw conclusions. More extensive optimisation could have been 
conducted on both the vacuum oven method and the vacuum chamber method. No 
significant modifications to either the vacuum oven or the vacuum chamber on loan 
from the AFP could be made due to the limited time available. Further optimisation 
could have incorporated an assessment of different techniques designed to introduce 
zinc(II) during the vacuum treatment.  
6.3 Recommendations for Future Work 
This research has lead to a number of future recommendations mainly pertaining to 
the vacuum methods.  The vacuum oven method on porous surfaces produced some 
encouraging results, particularly for the 3-week-old fingermarks on magazine and 
thermal paper. However, the vacuum oven method did not use any form of zinc(II) in 
the development process, whereas both the conventional and dry-transfer methods 
employed indanedione-zinc formulations. The introduction of zinc(II) into the 
vacuum chamber should be explored in future work. 
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More extensive research should be conducted employing the suggestions that were 
received through personal communication (Calvin Knaggs, March 2016), such as 
reducing the pH within the chamber and/or introducing humidity during the treatment 
cycle. Another area that was not assessed was the possibility of stacking numerous 
substrates within the vacuum oven to determine whether or not luminescent 
fingermarks would develop on all surfaces. 
The polymer banknote proof-of-concept work conducted in the vacuum oven only 
produced faint luminescent fingermarks. However, more work could be conducted on 
this method in an attempt to increase the luminescence observed given the success on 
other semi-porous materials trialled. 
The vacuum oven method was also successful in producing luminescent fingermarks 
on non-porous surfaces, such as white ceramic tiles and aluminium foil; however, 
little optimisation of this method was conducted. This suggests the need for further 
research with a larger range of substrates and an assessment of a broader range of 
vacuum conditions. This could lead to a viable method for using amino acid reagents 
such as indanedione for fingermark detection on non-porous surfaces. Currently, such 
reagents are limited to use on porous and some semi-porous substrates. 
The co-fuming of indanedione and cyanoacrylate on semi-porous and non-porous 
materials was also successful on a range of substrates (white ceramic tile, aluminium 
foil, a glass microscope slide, thermal paper and glossy magazine paper), with the 
exception of polymer banknotes. Again, as this was a proof-of-concept component of 
this study, there was no significant optimisation of the method. A larger range of 
substrates and an increased number of donors should be tested, along with a more in-
depth study on the use of this method with polymer banknotes. 
Additional studies could be conducted using the vacuum chamber on loan from the 
AFP. This chamber was originally designed for vacuum cyanoacrylate development 
but proved to be problematic in this study when vacuum indanedione treatment was 
attempted. Chamber modifications would be required to reduce areas of potential 
leakage (e.g., permanently close off one end of the chamber) in order to improve the 
vacuum obtained. The addition of external heating belt around the chamber itself 
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would minimize the recrystallisation of indanedione inside the chamber. The addition 
of a needle valve is recommended to control the reintroduction of air into the 
chamber, so that items being treated do not need to be weighed down. 
The poor results observed on cardboard with both solvent-less methods suggest that 
the development of a cardboard specific solvent-less method should be investigated. 
However, if our hypothesis regarding surface porosity is true it may mean that 
cardboard and similar substrates can only be processed using the conventional 
method. 
The differences observed between the 23- and 27-week-old samples without any 
obvious explanation, other than intra-donor variability, demonstrates the need to 
repeat these experiments using more substrates and more donors. 
Fluorescence and scanning electron microscopy could be conducted on the 3-week-
old developed samples to observe if the vacuum indanedione-developed fingermark 
residue is in fact residing on the surface of the substrates, particularly with thermal 
paper and magazine paper, as hypothesised. 
Beyond these suggestions, future research directions include the vacuum application 
of other amino acid reagents within the vacuum oven and using a larger range of 
substrates and latent fingermark ageing periods. The evaluation of potential 
interference with drugs, DNA, explosive residue and ink analysis should also be 
explored using the vacuum oven method and dry-transfer methods. 
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Blind Inter-observer Study 
Table A.1. Images and Results from the blind inter-observer study. 
Number Image Observer 1 Observer 2 Observer 3 
1 
 
-2 -2 -2 
2 
 
-1 -1 -2 
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3 
 
1 1 1 
4 
 
-1 -1 ND 
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5 
 
1 1 1 
6 
 
ND ND ND 
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7 
 
ND ND ND 
8 
 
2 2 1 
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9 
 
NR -1 -1 
10 
 
1 1 NR 
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11 
 
NR NR NR 
12 
 
NR -1 -1 
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13 
 
2 2 2 
14 
 
ND ND ND 
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15 
 
ND ND ND 
16 
 
-2 -2 -2 
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17 
 
NR -2 -2 
18 
 
2 1 1 
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19 
 
2 1 ND 
20 
 
NR NR NR 
Appendix	2																																																																																																																																																																						Temperature	and	Humidity	Data									
	 138	
Temperature & Humidity Data
 
Figure A.2. Temperature and Humidity Data associated with the sample storage conditions. 
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Thermogravimetric Analysis Data
Figure A.3.1.  Thermogravimetic Analysis Data STA-Air 
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Figure A.3.2. Thermogravimetric Analysis STA-Nitrogen 
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Data From Scoring Comparative Methods 
 
Table A.4.1 Frequency of UC scores across all substrates for 3-week-old fingermarks comparing 
conventional method (+) to the dry-transfer method (-). 	
 
 
 
 
 
 
 
 
 
 
Table A.4.2 Frequency of scores across all substrates for 23-week-old fingermarks comparing 
conventional method (+) to the dry-transfer method (-). 
 2 1 0:ND 0:NR -1 -2 Total 
Cardboard 40 3 0 4 1 0 48 
Glossy Magazine 
Paper 
1 12 11 19 2 3 48 
Standard Office Paper 21 9 14 0 4 0 48 
Thermal Paper 29 13 3 3 0 0 48 
Total 91 37 28 26 7 3 192 		Table A.4.3. Frequency of scores across all substrates for 27-week-old fingermarks comparing 
conventional method (+) to the dry-transfer method (-). 
 2 1 0:ND 0:NR -1 -2 Total 
Cardboard 35 6 6 1 0 0 48 
Glossy Magazine 
Paper 
0 2 16 20 10 0 48 
Standard Office Paper 6 6 21 0 11 4 48 
Thermal Paper 8 13 23 3 1 0 48 
Total 49 27 66 24 22 4 192 
 
Table A.4.4 Frequency of scores across all substrates for 49-week-old fingermarks comparing 
conventional method (+) to the dry-transfer method (-). 
 2 1 0:ND 0:NR -1 -2 Total 
Cardboard 34 6 0 8 0 0 48 
Glossy Magazine 
Paper 
11 9 3 24 1 0 48 
Standard Office Paper 19 11 11 5 2 0 48 
Thermal Paper 25 10 5 8 0 0 48 
Total 89 36 19 45 3 0 192 	
 
 
 
 
 2 1 0:ND 0:NR -1 -2 Total 
Cardboard 28 12 2 6 0 0 48 
Glossy Magazine 
Paper 
8 9 3 28 0 0 48 
Standard Office Paper 31 9 8 0 0 0 48 
Thermal Paper 23 17 0 8 0 0 48 
Total 90 47 13 42 0 0 192 
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Table A.4.7. Frequency of scores across all substrates for 3-week-old fingermarks comparing the 
vacuum method (+) to the conventional method (-). 	
Table A.4.5. Frequency of scores across all substrates for 3-week-old fingermarks comparing the 
vacuum oven method (+) to the dry-transfer method (-). 
 2 1 0:ND 0:NR -1 -2 Total 
Cardboard 0 0 0 48 0 0 48 
Glossy Magazine 
Paper 
18 4 0 26 0 0 48 
Standard Office Paper 0 9 9 15 12 3 48 
Thermal Paper 13 20 1 14 0 0 48 
Total 31 33 10 103 12 3 192 	
Table A.4.6. Frequency of scores across all substrates for 23-week-old fingermarks comparing the 
vacuum method (+) to the dry-transfer method (-). 
 2 1 0:ND 0:NR -1 -2 Total 
Cardboard 0 0 0 11 8 29 48 
Glossy Magazine 
Paper 
0 1 11 15 13 8 48 
Standard Office Paper 0 0 1 1 5 41 48 
Thermal Paper 0 0 9 19 17 3 48 
Total 0 1 21 46 43 81 192 
 	
 
 
 
Table A.4.8. Frequency of scores across all substrates for 23-week-old fingermarks comparing the 
vacuum method (+) to the conventional method (-). 
 2 1 0:ND 0:NR -1 -2 Total 
Cardboard 0 0 0 1 0 47 48 
Glossy Magazine 
Paper 
0 1 3 18 11 15 48 
Standard Office Paper 0 0 0 0 0 48 48 
Thermal Paper 0 0 0 12 5 31 48 
Total 0 1 3 31 16 141 192 	
 2 1 0:ND 0:NR -1 -2 Total 
Cardboard 0 0 0 4 3 41 48 
Glossy Magazine 
Paper 
4 3 12 15 11 3 48 
Standard Office Paper 0 0 3 1 5 39 48 
Thermal Paper 0 0 3 6 27 12 48 
Total 4 3 18 26 46 95 192 
